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Ag sy theoty i is offered in this paper for 
Lnanenas bridge towers under the action of tr 


axis of the bridge.” » Reduced to its essentials, cture er CO 
‘isa vertical of variable cross sectio ced base. 


of the cantilever is free to rotate, and is defected: by means of a horiz 


vertical load. usual problem is to find the horizontal towe r-top force 


‘required to produce a certain deflection in. with a 


tower- top load. As soon as the horizontal force has been found, it isa simple _ 
matter: to find : any other properties of the deflected tower, such as the elastic. 


curve or the stresses. 


‘The theory for the so- o-called “General Case” ” includes the effect of the w veight 


“of the tower ¢ as a pr oducer of bending naan in ‘the deflected tower, as well 


as the. effect of an -eccentrically placed tower-top Ic load and eccentric 


‘the roadway level. (na mathematical sense, the true general case has not 


_ been used i in the body of this paper, as the emphasis is is on 1 practical application. 

-‘Thus, ‘the so-¢ called “General Case” presents the tools by: means of which the | 

e general al case may be approached as) nearly a necessary t to ‘produce what 

“the wr riter considers to be a sufficient, _ degree of of accuracy for the most ‘compli- 


cated case ordinaril encountered in practice) ‘Sim ification ns the “Gen- 


oN 


di oTe.—Written comments are invited for immediate publication; to insure the last 
‘cussion should be submitted by August 15,1941. 


wee. 
‘Asst. Chf. Engr., Bridge Dept., John A. Roebling’s Co., Trenton, N. a 


, The more detailed study from which this paper was prepared has been placed on don 6le for reference _ 
Library, 33 West 39th Street, New York, N.Y. 
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i. The results of applying the theory to three tower shafts are used as . &g = 
of indicating the accuracy of several approximate m4 
e used as practical tools for solving this problem if the pr . 3 
— 
— 


_Inrropuction 
The mathematical principles underlying the development of this theory are 
not new. In 1882 the late S. Robinson, 3M. Soe. C. E., published 
th the general | solution of the differential equation for bending moment i in a beam 
or column caused by ‘combined transverse and axial loads. The method of 
solution | for this type of equation (linear | differential equation with constant. 
coefficients) 1 may be found in any book on differential equations. , The salient 
- features of the application of the general solution to the problem of flexure 
and direct. stress have been summarized by Francis P. Witmer,! M. Am. Soe, 
C. E. > | he - applications of the general solution to some of the cases included 
in this paper have been published in a standard textbook, a 
In this paper, the writer has attempted to make a comprehensive presenta- 
tion of the subject, combining t the fundamental theory for handling the e problem 
under any ‘combination of loads with a description of some practical short. 


cut methods, for the use of both the student and the practicing engineer. 
OUTLINE (OF THE PROBLEM AND DEFINITION OF 
The problem consists of finding the horizontal “9 required to produce a 
desired deflection at the top of a vertical, fixed- base cantilever which is acted 
Points The conditions of the problem illus 
‘trated by Fig. 1 All loads are expressed, : 


in pounds, all dimensions in feet, and 


all moments in pound-feet. Other 


_ nitions are: 
= F= = desired horizontal tower- top 
=~ vertical external load 
(able reaction) on tower top; 
= eccentricity of with respect to 
line of top of tower; 
= known defection. of 
0 1), = panel points 
along he center line of tower at which 
there are changes i in moment of inertia, 
or known concentrated loads, or both; 
Wo, Wi, Wea = parts of tower 
weight to concentrated at 
panel points indicated by the sub- 


‘Fic. 1. Gearon OF THE I PROBLEM — 
OR as m = reactions on tower at roadway level; 
of Wrought Iron Bridge Members,” by S. Robin nso strand Science Series, 
‘No. 60, D. Van Nostrand, Publisher. 


4**Basic Formulas for Combined Flexure and Direct Stress, by P. Witn itmer, Civil Engineering, 
4 December, 1987, 


_ 5**Modern Framed Structures,’’ by the late J. B. Johnson, C. W. Bryan, Members, Am. Soc. c. BE. 
and F. ‘EL’ Turneaure, Hon. M. Am. . Soc. Cc. E., Pt. Tl 10th Ed., John Wiley & Sons, Inc., Pp. 278 278. 
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ek eccentricity of roadway reactions with respect to center line of 


= known vertical from tower top to panel 


= Yor? Yr Yr = ordinates to panel points from — of act action of R; i: 
= of panel between panel points a - —landa; 


= total height of tower; y 
of inertia (in? of the tower shaft between panel po 


« 


E = modulus of elasticity of tower material (pounds per square preys 
= bending moment; 
A, B, D, and C = constants determined from the loading conditions; and 


hey | = integration constants for the panel between points a -1 ‘and a. 


Basic ic Assumptions.— —Six basic: should be kept in mind: 


~All vertical remain constant; 


2. Shear deformation i is Zero; 

3. The tower base is rigidly fixed; 

as The tower weight is applied as a series a concentrated vertical loads; 7 
- 5. The tower shaft is made up - a series of omnhe’ in each of which the 


moment of inertia is constant; and 


> 


‘The deflections and deformations are so small in comparison with the 
vertical dimensions that the error introduced by Assumption lis negligible. 


- 6. The moment arm of R does - ince due to rotation of the tower top. 


load and tower moments based on Assumption 3 will “opallyalh side of safety. 

In Assumption 4 the concentrations are placed at the points of change in 
moment of inertia. 7 However, the weights can be applied at any points with- 
out affecting the method of solution. _ The labor of computation would be 


increased, however, as each concentration ¢ as W well as each | change i in moment worl 


-at the same point. 


The Problem.—_ 


a Given: external loads except deflecting all physical character- 
_ istics of the tower shaft; and all dimensions, including the deflection A, 
except the ordinates to theelastic curve. 
_ To Find: The deflecting load F, the ordinates to the elastic curve, and = 
other desired information, such as the bending moments, the stresses, 


i. or the tangents to the elastic curve. 


« elementary ‘the general differential equation for bending 
Moment is 


The moment due to ‘the type of loading contemplated i in this paper may be 7 
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expressed as follows: 


=+ 


in which the sign depends on the direction ¢ of rotation. ‘The function of t 


a “represents the moment due to transverse loads or any other moment which js 
‘independent of the ordinate y, and no combination of transverse loads | can 
‘ead to a higher power r of x than the second. _ The ‘product Ay y represents the 
moment due to axial loads. — _ There will be no > higher power of y than the first 

as long as concentrated loads only, and not distributed loads, have moment 
arms that depend on the ordinate y. 

In order to determine the e proper signs, assume that the cantilever of Fi ig. 1 

i rotated 90° in a counterclockwise d direction, and place the origin of coordi- 


: nates at O’ By the e usual convention, it is apparent that the column carries 
Any | load to the left of a section, which has a counter- 


pre sections of the tower to the right of the = of ‘edition of these 

] _ Since y is positive, however, 
must be negative, and the term, as it appears in Eq. 2, is —A y. Sine 

is s always positive, the _ reasoning applies to all all other terms, and Eq. 2 


becomes: 


y—-Bxr—D2x —C..(3) 

It is pn elsewhere ‘ that, i in general, the 
“term for the as axial loads is negative for "loads: 
producing compression, and positive for loads 
"producing tension, and that the signs of the 
terms for the transverse loads depend on the 


‘direction of rotation. _ The he general solution 0 of 


~The formal derivation of this. solution is 

given in Appendix I of the complete paper.’ 
for slope, bending moment, 

shear may be found in terms of the indepen 


dent variable x x by taking successive atives 


of Eq. 4; thus— 


Case Slope of the elastic curve: 
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bending moment: 


i 


entation, a tow wer shaft h having three different values of 1 is used. The road- 
way loads are placed : at a section that lies within the lowest of the three tower 


divisions. he problem is is illustrated by Fig. 


For this ¢ case, four equations of the following form are dette from Eqs. 3 


=- n?y — Bat = Ka sin Gace COS Nq 
- The conditions of the problem yield the following values for the loading 
constants of Eq. 3: With D = 0 in all panels, let A = n?; then, CO 


R+Wo+ 


_R+Wo +W:i:+W. 


A= 


R+ Wot 


Woe+ 


C(,= 
ge 
Wit +. Ws 


Woe + W 1 Yi + W 2 Yeo + Rs Y3 bind R, €s + Ra Y3 + 


= 
. y Eq. 5, for this case, there are four equations of the following form for 


the slope of the elastic curve: 


_ Ba Ka, COS Nq + Ge 


e eight e equations of the form. of Eqs. 8 and 10 (one f 
“ind one for slope i in each panel) contain twelve unknowns, including the « eight 


can 
rent 
ig. 
rdi- 
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constants ts of integration m Ki, Ke, Ke, Go, and G4; the | load F; and the 


Y1, Y2, and y3. Force F is in the B- terms, and the 
are included i in the C- terms, , as may be noted 1 in Eqs. 9. _ They can all be found 
applying the known conditions number after the dash in 


Contition 


No. ‘sean of condition 
WwW hen « ay = 
Iv. When x 

When x h, = 


When r=2, =M (8-1) (8-2) 
WwW hen x = = Moy (8-2) and (8-3) 


Ma-o = Ma-» ~ Rees + (8-8) and (8-4) 
= (1-2) (10-1) and (10- 

) and (10-2) 

hen « = (2- (10-2) and (10-3). 

XT (2-3 ton (3-4 —4) (10-3) and 
7 _§ (It should be noted that Ke Eq. 8 must be multiplied by | the p proper Bis values 
ine order to obtain the bending moment when applying Conditions V II, ‘VII, 
‘The twelve equa equations obtained by applying these conditions m may be solv ed 
obtain the twelve unknowns. 
Special Case 1; Variable Moment of Inertia, Eccentricity a at Tower Top, 
Tower Weight C Considered, but Not Eccentric Roadway Loads. —Use the same 
procedure as for the “General” Case. - Referring to Fig. 1, R, and Rm now dis- 
appear and the problem hen to that for a tower with three panels. — ‘There 
are nine unknowns: The six constants of ‘integration Ki, Ke, Ks, Gi, Ge, and Gy; 
the load F; and the ordinates y; and yz. They may all be found by applying 
nine known conditions w which are identical with Conditions I to TH, V to VIII, 

and XI of the “General” Case. (In ai any case that excludes eccentric road- 
- way loads, a | concentric load placed at the roadway level may be handled as if 
it were a tower weight | concentration.) 
> fs Special Case II; Variable Moment of Inertia, Eccentricity at at Tower Top, 
. a Tower Weight and Roadway Loads Not Considered. —Eqs. 9 are now ‘greatly 
modified, inasmuch as R,, Rm, and all values of W disappear. Since the > shear 
is now continuous through the panel points, shears instead of f slopes may be 

equated at these points. basic equations then 


= Kasin nx + G, cos Na 
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K3, .: a Four equations are obtained by equating moments and shears at the | 
panel points. (Eqs. 11 and 12 must be multiplied by the proper E I-value — 
to obtain moment and shear.) The other three equations are obtained by 


applying the following known conditions : In Eq. 11, for = 1, y=e when 
0. In Eq. ll, fora =3,y=e+A when x = = he In Eq. 12, fora = 


| Case I; Variable Moment of Inertia, No Kecentricity at Tower Top, 


Tower Weight Considered, but Not Eccentric Roadwa y Loads. —This | case is 
‘identical with Special Case I, except that ¢=6. 
Special Case IV; Variable Moment of Inertia, N 0 _ Eccentricity at Tower Top, 
No Roadway Loads, and Tower Weight Neglected. —This case is identical with 
‘Special Case peli that e = 0. In both cases, t the labor required may be 
reduced somewhat by following the procedure outlined in a . standard textbook.® 
The v value of A i is removed from the denominator of the first two terms of the 
‘general solution, Eq. 4, and incorporated in in the constants K and G. 7 By follow- 


ing through the _ aaa of age from this point, it may be seen 


Special Case V; “Moment of Inertia, Eccentricity Top, 
Tower Weight Considered, but No Eccentric Roadway Loads.—The equations 
7 

required for solving this case are obtained from those of Special Case I by 

substituting the constant value of J for I2, and Is. Note that this substitu- 
tion must als also. be made to obtain the values of m, ne, and 3. _ (It is obvious — 
- that the same substitution in the equations for the General Case will take the 

Special Case J "I; Constant Moment of Inertia 1, Eccentricity at Tower Top, 

Fi Tower Weight Neglected, No Roadway Loads.—Since the tower consists of only” 


one e panel, the p problem reduces to the following two equations— —t™~” 


Moment: 


—Fr= 


4 


| Eq. 13, when x =0,y= 


; nE Eq. 13, when = handy =e+A: 
Fh = EI (Ksin nh + Geosmh).........( 
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In Eq. 14, when 


wilt 
= EI(K ncosnh — h).. 
for F: 
We 
= see nh) + A] 


tannh—ni 


7,00 Special Case VII; Constant Moment of Inertia, No Eccentricity « at Tower Top, 
Tower Weight Considered, No Eccentric Roadway Loads. s.—Equations may be 
found for this case by substituting the constant: value of I in the » equations 
found fc for Special Case 7 
: am Special Case v III; Constant Moment of Inertia, No Eccentricity at Tew 
& 


op, Tower ies eight N reglected, No Roadway Loads.— —This case is identical with 
Special Case when = = 0. Thus, 18 


: 


adway Loads and 0.—The problem Fig. 3) is now reduced to 


of a simple onion of variable cross section. find the deflection 4 
we the moment-area method, find the moment of the = E 7odiagram about 

6 This case is also outlined in Pt. II of ‘‘Modern Framed Structures,” by J. B. Johnson, C. W. Bryat: 

10th Ed., » pp. 278 278 and 279. 
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ve! 0. The The moment of the ~— part of the diagram ‘included ie dz, i 


= 
‘panel a, is: Elk dx; integrating for panel a: Ma = 


ion on ons umming up for all panels: 


“Cannot Be Considered Constant Over Any Part of the be 
~ expressed : as a continuous function of x, the deflection may he found as the — 


I DIAGRAM 


Py-DIAGRAM 


Pia. 4. —Layour For Finvinc A HEN R =OanvI AB LINEAR Fun NCTION OF IN Each PANEL 
“moment of in the manner: 


Pata 


often the moment iner tia is a function of x, but 


can be expressed as a series of linear functions of a From 4, the moment 


pers — «| 
(18) A= 2M = E >> 
op, pea = 4 
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From F ig. 4, the equation of the I- diagram for ps panel « a is: 


I, 1 


— Iq %a-1) (Ia — 


‘| 2 


— Taq loge F 


es Special Case X; ania Moment o of Inertia, R = 0, Tower W eights Neg- 
lected. —tThis is the case of the simple cantilever, i in which — 7 


a = It is interesting to note that this can be obtained as a special application 


of f Special Case VIII, in the . following manner: Expand the tangent in 1 Eq. 19 


q as an infinite series: F = ~ _ Simplify: 
) 


n hs 2 n> hd q 
RA 
ut n? = Therefore : 


‘Then, when R = 0, Eq. 27, becomes E Eq. 26. 
"Special Case Constant Moment of Inertia, Eccentricity at Tower Top, 
Tow er W eight Neglected, F = 0.—In | Eq. 1 18 of — Case VI, let F =0: 


. 
or panel @ 1 on 
— 
— 
— 
‘Te 
of 
— ‘th 
‘ 
i 
— 
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Special Case XII; ¢ Constant Moment of Inertia, No Eccentricity at Tower 
Top, Tower Weight Neglected, No Roadway Loads, F = 0 0.—In Eq. 28, let e = =0. 
Then, since co = 


‘Thus, in this case, the vertical ‘ee R is independent: of the deflection A. 
“This is Euler’ s formula for a column with fixed base and top free to move 
“Iaterally. It yields the value of R for which th the tower will be in unstable 
“equilibrium. Tf, for any reason, the vertical load becomes | slightly eccentric 
aes to the center line of tower at its base, the tower will bend con- 


al 


= 


=> 


E 
or values of R greater than ——— or of n h greater than = a negative 
24) F is required to hold the tower in equilibrium for any desired duttvaiion, on. This } 


may be verified by inspection of Eq. 19 


GENERAL OBSERVAT iS ON 


| ee not more than two mies in moment of inertia have been used 
in any case, and only four tower panels were used in the so-called “General 


7 Case,” the same method may be applied for any - number of changes i in moment 
25) of inertia, and any number of tower panels. A_ more> complex case simply | 
‘ increases the labor required. No matter what the conditions may be, this’ 


analysis requires two constants of integration for section of tower 
4 which there i is no change in moment of inertia and no point at w hich a load is: 


rated loads along the shaft are considered, the = 
ordinate to each load point is another unknown that must be found. — The > 


assumed to act. oe if the concent 


remaining unknow! n is the horizontal tower- -top load F. As soon as the setup 
of the problem | is known, the number of simultaneous: equations | required | 
may thus be determined by inspection. aan 

oo if the effect of wind loads is desired in combination with any or all of 


the other loads, the wind can be considered as a series of concentrated hori- 
- tontal loads acting at convenient points along the shaft. This will add to the 
“complexity of of the function of x in the expression for moment and may or may 
not introduce additional constants of integration, depending on w hether or. 
* the tower is thereby divided into a larger number of panels. — 
 &§ _ Since the lateral bracing of the tower adds somewhat to the effective moment 
di inertia, ‘some designers find it advisable to add from 3% to 5% to the calcu- 
- lated m moments of inertia of the tower leg to take account of this effect. 


of the simultaneous equations for solving any case are linear. There- 
ry it is evident that, for a given value of R, F will be a linear function of A. 
7 For the same reason, the ordinate to any point on the elastic curve is a linear = 
fmetion of 
= As will be shown 3 in the numerical examples, when R is plo otted sndtiat F 
fe for given 4, the curve is 80 near a line that it 


R=- 29) — 
| — 
= 
— 
a 
| 
Le 
demonstrated mathematically in the complete unabridged paper.2 
— | 


‘These characteristics are a great aid i in determining the flexure curve for 
- tow ver. For a given A, which may conveniently be taken as. unity, the « curve 
“of applied vertical load ‘plotted : against F may be determined by finding only | 
“two points. ¥ Furthermore, for a any given value of vertical load R along the 
curve, the F corresponding to a different A may be found by direct proportion. 
if Ri is concentric. If Ri is eccentric, the value of F for \ various values of Amay 


be found by a simple linear. relationship only at the. points ; where F has been 


— results of a few in dainiens are given herein in to support 
_—e of the foregoing general observations and to indicate the error to be 
expected if certain approximate short cuts are used. _ The dimensions and 

"physical properties. of the tower shafts are given in the unabridged 1 paper? 
Tower A (Height = 188 Ft, One Change in Moment of Inertia, Equivalent 
= . ,061.7 In2-Ft).—The results for this tower are shown i in Fig. 5(a), where 


Fst of ioe in terms of A are plotted against values « ‘of R. Curve 1 is based on 


— 
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 F,in Lb, Divided sis 1000 4, for Curves 1 and 4; F, in Kips, for Curve 5 a 


= ‘In finding curve 2. , the weight of the tower was neglected.’ The F-intercept 
was found by» ‘using Case IX. The other two points. were found by 


In finding curve 8, , the ‘er the tower we was and a 
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‘a R. This is also by the in II of the unabridged 
‘paper? For these reasons, only two points ; were found on curve 3. ‘The 
--F-intercept was found by using Special Case X, and. the R-intercept by using — 


ean Case XII. _ 7 he constant I was found by equating the value of F on 


‘curve 2 for R = 0 to 7 ‘This equation w was then n solved for I to obtain: 


Tower B (Height = 188 Ft, Two Changes in Moment of Inertia , Equivalent 

= 1,078.2 In.?- he results for this tower are shown in Fig. 5(0). 

Curve 1 is based on Special Case. III and curve 2i is based on a weightless tow er. a 

F- intercept for curve 2 was found by u using Special Case =. The 

three points were found by means of Special Case IV. 


April, 1941 PROBLEM 


bel 
iy Curve 3 is also based on Special Case IV, but the following correction was 
applied to take account of the weight of the tower. For each of two of the 
+ points f found on curve 2, the ordinates to the elastic curve were found at the - 
- points at which tower-w weight loads were e applied i in finding curve 1. The a 
weight loads were then placed at these points. The sum of their moments. 
about the center line of tower at the tower base, divided by the total height of 
tower, represents the approximate relief of F as fc found for curve 2, caused by the 
_ presence of the tower-weight loads. ¥ 
~ Curve 4 ‘is based o on a weightless 
tower with constant I. F-n- 
Py was found by using Special 


Case X, and the R-intercept by using 
Special Case XII. constant 

moment of inertia for this curve was: 
- found by equating the value - F on 
curve 2for = to 

equation was “then en solved for I tc 

Curve 5 is also based on a 
weightless tower with constant 
Ment of a inertia equal to that used 
forcurve 4. In this case, however, 
the vertical load R was g given an 
eccentricity of 2 at the tower top, 
and all points 1 were found for a tow er- 

top deflection of 1 ft. Special Case i 

XI was required to find the R-inter- 40 

cept, and Special Case VI to find ho 


im 6.- —FLEXURE Lines For Tower C 


‘Tower C (Height = 702 Ft, Thirteen Changes in Moment of Inertia, Equiva- 


lent I = 906 740 In2-Ft*?).—The results for this tower are shown in Fig. 6. 


Ih this case the ordinates represent values of F for a deflection of 1 in. Curve 1 a 
- isbased on a weightless tower and required the use of Special Cases TV andIX. _ 


in Kips, 
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CANTILEVER ‘PROBLEM 
. Curve 2 is also based on Special Case’ IV, but the following correction Was 
applied to take account of the effect. of the tower weight. . Using the ell 
‘elastic curve for the point on curve 1 where R= 52 000 lb, a reduction in 
was found by the method used in . finding the points. of curve 3 for tower B.- 
For the point where R= =0, the same numerical reduction in F was used. : 
i ‘Curve 3 is based on a w eightless tower with a constant moment of inertia, 
& 1 


tia. 


 Discussto CUSSION oF APPLICATIONS 


of this numerical work clearly indicate that, a as nearly as it 

ean be plotted, the horizontal load required to produce a given deflection i is @ 

— Tinear function of the vertical load. 5 This is confirmed by the discussion in 

a Appendix II of the unabridged ‘paper, Pw wherein the deviation from a straight . 

line is discovered algebraically. it appears that for many purposes of design 

and estimate, it would be sufficiently accurate to use the following method of 
“obtaining the flexure characteristics of a tower: a 


Using Case ‘IX, find F the w hen Rk = 0. Equate 


‘this value to 5 - (Speci ial Case xX) ) and solve | for . I. Using this as an 


equivalent moment of inertia, find the value of R when 

— E I 1 


using the formula R = ——~ 


Euler’s formula. “a The line joining these two intercepts i is a close approximation 

of the true flexure: line for the weightless tower. The worst case arising in the 
foregoing numerical applications occurs for ‘Curve 3 is found as in 
the foregoing, and curve 1 1 is the true flexure line for the weightless tower. 7 th 
the vicinity of the dead- load tower- -top reaction on (52 ,000,000 Ib), there is an error 


in F of 650 Ib 8% of 000 Ab, or 6%. his can be brought to 


F-intercepts = 


_ using Special Case IX, or simply by assuming the tower to ts take the ‘shape o of 
well-know non such as the parabola. Find the sum of the moments: 
= the > weight loads about the center line of the tower at its base. Divide 
“this by the total height of the tower and reduce all values of F found on the. 
approximate line for the weightless tower by the amount of this quotient. - 
es Finally, when it is desired to obtain the greatest accuracy W hich i is possible 
without following the rigorous solution for the weighted tower, the following 
ae method may be used: Depending on whether or not tl the tower-top reaction nis 
~ eccentric, use Special Cases II and IX, ¢ or Special Cases IV and IX, to find two 
points, the F- -intercept and one other, on the flexure line f for the weightless 
tower. For r one of these conditions, find the ordinates to the elastic curve, and 


proceed a as before to reduce F by taking moments of the tower — 
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ILEVER PROBLEM 


the tower base. The accuracy of this method for tower B may be s seen by | 

comparing» curve 3, Fig. 5, which was found by this method, with curve ‘. 

found by the exact method. is doubtful, however, that. this approximate a 

- method saves enough time, in comparison with the exact method, tomakeit 

worth while. In the exact method it is necessary to find only two points of of the 

flexure line. 7 It is the opinion of the writer that, if the degree of accuracy de- 

"sired is is such as to require the use of either the latter approximate n method or the 

exact method, the exact method may as well be used unless the tower- weight 

4 “concentrations cannot reasonably be placed at the points of change in moment a 
of i inertia. If they must be placed at intermediate points, additional integra- 
tion: mene will be required, and the last. approximation described in the 
- foregoing would be far less tedious than the rigorous solution. 

t - All of this 1 reasoning is based on the assumption that the principal objective 

2 § of the solution i is the deflecting force F required at the tower top. However, 

a if the problem i is to be solved in order to review the design of the tower shaft, 

t. and the principal objectives are the true elastic curve and the stresses in the 

; tower ‘sections, it appears to the writer that the only safe . procedure i is to use 


t 
be Ins some 1e design or erection problems, it may be desirable to set , down a 


“seri ies of flexure lines for various values of deflection or eccentricity. The 
~ general disposition of various sets of curves for a few simplified cases is shown 


in Fig. 7. The following methods of attack are suggested by the arrangement 


oO 


Values of F 


Values of R (Equation 28) 0 Vv. 
SPECIAL CASES 


alues of R (Equation 29) 
SPECIAL CASES SPECIAL CASES 
Vi, X, AND X, AND XII X, AND XI 


7. —ARRANGEMENT OF RE LINES FoR VARIOUS CASES: 


-_ Special Cases VI, X, and XI.—In Fig. 6 e > 0 = constant, and wih 
curv 


e represents one value of A. _ The procedure i is to find the F-intercept and 


a one other value of F in terms of A. Any desired number of lines may then be 
found by applying various values of A to these 
an ~ Special Cases ‘VIII, x, and XII —In Fig. 7(b), e = 0, and each curve 
e 
a _Tepresents one e value of A. _ ‘The procedure is is the same as in Fig. 7(a) to find the 7 
= P- -intercept for each line. For the simple case of a a constant moment of inertia. 
e 


and aw veightless tower, the common R-intercept is found by Special Case XII. 
For other cases: Find a point on one line; produce this line from its F-intercept - 
through | the point just found to the R-axis; and draw all other lines through this 
Special Cases VI, X, and XI. =" Fig. 7(c), e > 0; -A = constant; and each - 
; ; curve represents one value of a: The procedure is is to find the common F-inter- 


cept an and solve for one e other point o on each line. P 


ae 


Je 
a 
= 
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he re relation between horizontal tower- er-top for an any tower. 


hich includes" 


(1) An eccentricity of the vertical tower-top load; en - 


_ (2) The eccentricity of the weight of the tower “(considered ¢ as a a series 3 of 


concentrated loads) ‘caused by ‘deflection; 
Reactions at the roadway level; and 


4) Wind loads (considered as a series of concentrated horizontal loads). 


al The analyse: ses of this case and of several simpler ca cases have been \Govelagel 
in this paper. Many of the latter have been published elsewhere, but the 
writer feels that ; there i is a definite advantage in having ¢ all these cases assembled 
oan It is possible to obtain ‘approximate values which are very close to the 
true values by 1 means of short-cut methods, several which are described 
«ti is mathematically correct to state that, for ii of 
other r loads, the horizontal tow wer-ti top | load i is a linear fu function of the tower-t top 
deflection. all practical Purposes, it is correct to state that, for a given 


deflection, the horizontal tower-top— load is a linear function of the vertical — 


The writer: wishes to acknowledge with gratitu e the of ‘the 


“late George E. Beggs, M. Am. Soe. C. E., and his enerous aid in the form of 
constructive criticism and advice. He also wishes a express his a appreciation 
to the John A. Roebling’ s Sons Company for free access to its files and the use 
of its facilities, and in particular to Walter F. Weber, wire rope engineer of that _ 
firm, for his active help and useful advice; to Professors H. . Robertson of 
Princeton ‘University, Princeton, N. ‘md d M. S. Knebelman of Washington 
State College, Pullman, Wash. i their helpful advice in developing the 
mathematical = Ww hich i is included i in n the paper a and the appendixes of the 
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IRFACE R 


RAINFALL | W ITHOUT 


rainfall a and runofi 


“runoff.” acy data ‘has discouraged 
attempts to eva losses as they occur during a storm period. In 
paper the writers attention to the improvement in hydrologic 

respect to and stream flow, and to the information with 
respect to infiltration that has developed from the research program of oni 
Uv. S. nt of Agriculture; and they a method of applying this 

nation to the evaluation of surface runoff from precipitation data without _ 


use of a coefficient. ‘ The method is presented as being generally applicable — - 


all ~~ _— and i is described in detail as it would be used in inn 


PART I—GENERAL 


wie 


of 6 in tie storm ‘patterns have 
infiltration capacity that might prevail in a midwestern drainage basin, under | 


average agricultural land use, in midsummer. The two infiltration 


curves are basically the same, but. appear « differently « yon the two wo diagrams as asa 


of the difference i in precipitation pattern, 


a Nore. _w ritten comments are invited for immediate publication; to insure publication the last 
iscussion should be by August 15, 1941. 


om Cons. Engr.; Prof., Municipal and San. Eng. —— of Civ. Eng., Washington Univ., St. na wes 


* Associate of W. W. Horner & H. Shifrin; Cons. Engr., St. Louis, Mo. a 


2. 
: — 
| USING 
4 By W. W. HorNER,: M. AM. Soc. C. E., AND S. W. JENS? 
Assoc. M. Am. Soc. C. E. 
4 SYNOPSIS 
has generally been represented a 
al 
of 
he 
— 
q 
| 


“ee over infiltration rate, and the production 


excess rainfall. WwW ith some allowance for interception and depression ‘occur 


stanc 
The mass values of surface runoff are materially ‘different on the = withi 


“diagrams, -Obv iously | these two storms on the same area and in the same 
a. will produce materially different values of flood flow. — Engineers have 
been Aig ge to attempt to ) Express the volume of surface runoff from a 


Soc. | 
accus 
diffic 

occul 
“indicates why no single percentage or coefficient can highly ‘significant, twice 
It indicates. further why these coefficients n might be expected to have a wide | 
‘Tange of of values, | even in a single s season of the year. a oe 


in Inches per Hou 


acity, 
pacity, 


cipitation !ntensity and Infiltratio 


Ca 


Pre 


“Cumulative Percentages of Rainfall Amounts 


oOo 


Hours 


‘The ne hourly variation in surface runoff production i is quite different i in the 
two cases; it is readily, imaginable that the peak ‘rates of surface runoff which 
er storms would produce i in any stream n system | would | be quite different, 
and it would follow that « any y attempt to express peak 0 or crest runoff rate as 4 
percentage or coefficient of the rainfall rate, for some critical time, would 
also result in | a , wide range of | coefficients even in a single season ¢ of the year. 
ve 

Hyproutoeic Data 


Pry 


fact that, until insufficient: hydrologic data have been ‘available t 
justify an attempt at more refined procedure. 
Precipitation information was not formerly collected or published vith 
any great consideration for tk the needs of engineering practice. I For ‘large areas 
in the United States, the only rainfall data available have consisted of the 
_ published records of daily totals. Recording rain gages existed at the first 


order stations of of the ithe U. S. W eather Bureau, but mad records were not 
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RUNOFF DETERMINATIONS 
Where excess rainfall i is to be determined by subtracting infiltration rates — 
from precipitation rates, the | engineer must know the pattern of precipitation 7 
occurrence ; if he i is to to utilize hourly 1 rainfall rates, he must do it with an under- 
| standing , of the m manner in which ; precipitation actually’ occurs, on the average. 
within the hour. The result of the study by Erwin R. Breihan,’ Jun. Am. 
Soc. C.E., reproduced as Fig. 2, may be startling to the e engineer w ho has been 
accustomed to using hourly mean rates. Such an engineer will have some 
a difficulty in assimilating the | idea that, on the average, half of the rainfall - 
occurring, an hour falls at intensities equal to, or exceeding, 


tw ice the : 


1941 


tages of Rainfall Amounts 


Cumulative Percen 


_ Intensity of Rain as Percentage of Mean Rate p per Hour 


‘Fig. ‘or INTENSITY. WITHIN THE Hovr, To 


The tremendous expansion of both and priv work in the hydr 

ch j field, and the corr responding expansion of the engineering practice in this field, 

bees produced a continuing pressure. for better ‘information, which has finally 
“ | resulted in an extension of the basic data-collection services and installations. 


is The expansion ( of the netw ork of recording rain gages by the Weather Bureau ~ , 
and other agencies, and of the stream ¢ gaging - work of the U.S. Geological ; 


Survey and of the states, h has multiplied hydrologic stations and has resulted 


in a great increase in the number with recording equipment. With the wealth 7 
8, of accurate information at hand, it is to be expected that engineering practice 
he itself will be ‘Teorganized, and tl that hereafter the > design of important hydraulic = : 
"1 structures should not, and need not, be based on crude over-all general relation- 
“4 ships i in the hydrologic field. 
‘a : Hydraulic. practice has recognized that flood flows represent a less volume 


of water than the related precipitation, because a considerable part of the 
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w water infiltrates into the soil. 


-ciable body of derived data that gave ve of infil 


wid 


in deta, 
a ~The research of the Miami Valley Conservancy District, particularly that. 


‘related to the small control plots, revealed the possibilities of ‘securing new 
information and better ideas of rainfall-runoff neuen through studies on 


Prive for a series of small plot bai on plastic clay soils on the W ke. 
campus at St. , and about conducted similar 
studies | on the Texas black soils , at Dallas. 5 Ase early as 1922, the Forest. 
Service of the U. S. Department of ‘heteien installed a number of control. 
plots, and about 1933 extended this type of research installation. In the 
same year the Soil Erosion Service (later the Soil Conservation Service), i ‘in 

: cooperation with State Agricultural Experiment Stations, began its research 
program ona a nation- -wide basis, using | both plots and small watersheds. 

i As to nearly all of these projects, the values of precipitation and eae 
were originally analyzed in an effort t to determine coefficients of Tunoff, an¢ a 
comparatively il progress was made toward a better ‘understanding ~<a 

_ infiltration characteristics. — It remained for Robert E. Horton,® M. Am. Soc. 
¢. E., after reviewing t the results of some of this earlier research work, to 
make a definite statement with regard to the relation between infiltration “a 
these values that appear to control it. At that time, he developed more 

_ specifically the hypothesis of a limiting infiltration capacity, and defined | 
: infiltration capacity as “the maximum re rate at which the soil, ping in a ‘a given 
condition, can absorb falling rain.” Later, Mr. Horton’ presented his initial 
—— of the theory of overland flow as related to surface detention. 
It is interesting that as late. as (1935 he “assumed that infiltration capacity 
¥ might be satisfactorily approximated as having a a constant uniform value” 


during the first hour or two of a precipitation period. 


= the four years (1937-1941), the basic information needed for a 
better u understanding ‘of infiltration n capacity became available out of the 
: ‘extended research program of the Department of Agriculture, and values. of 


infiltration capacity are derivable as secondary data from possibly as many 
2 100, 000 controlled experiments. Although a tremendous amount of analytical 


work must yet beZdone before this mass of secondary data can be produced 


and published so as to cover conditions, reasonably, in the United States, 
_ it is possible at this time to secure and analyze such parts of this information 


as may be be pertinent to a particular problem 


_ 4Under agreement between the Engineering Dept. of the City of St. Louis and the Engineering Sid 
; * a Washington Univ. Original in the thesis | file, Washington Univ. Published in part in Municipal and 


“e _ 8 Rept. to City Council, Dallas, Tex. (unpublished); also ‘ ‘Surface. Runoff Phenomena,” by neal 
—&: Horton, Publication 101, Horton Hydrological Lab., Voorheesville, N. Y., 1935, pp. 17-18. Pe 


7 -6**Role of Infiltration in the Hydrologic Cycle,’’ by Robert E. Horton, Hvenenetione, Am. Geophysical 

Surface Runoff Phenomena,” by Robert E. Horton, Publication 101, Horton ‘Hydrological Tab. 
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‘Characteristic curves of infiltration capacity, such as have been found to 


be derivable from different types of basic data,’ 8 are shown in Fig. lL ‘Fig. 3(a) 
_ shows a graph of infiltration capacity under artificially applied precipitation _ 
on grass, on an old hydraulic fill area near r Washington, D. C., one day after | 

‘this plot received a rain of 3.50 in. per hr. | Fig. 3(b), similarly, was prepared 
~ from one of the plots tested at Washington University i in 1923. te 

Fig. 4 also shows infiltration capacities at Edwardsville, Ill., for the storms — 

March 30, 1938. Antecedent rainfall consisted of 0.66 in. which fell on 

“March 28, with a gross duration of 11.75 hr (6. 5 hr net). The 49.95-acre — 
“vatershed was a poor pasture with grass pir weeds 6 in. te 8 in. high; 61% 
of the soil is Bogota silt loam; surface slopes vary between 0.8% and 30%. 

The efforts of the engineering profession to express the relationship b between 

rainfall and surface runoff in terms of coefficients of runoff, involving s cither 
volumes or rates, have been due to the fact that until recently sufficient 
‘hydrologic data hav e not been available to ‘permit \ visualization of their relation- 


It will be noted that these curves all have char: acteristically similar shapes, 4 
the value of infiltration capacity being relatively high in the beginning of 
precipitation, decreasing rapidly as precipitation continues, and tending to 
rather definite minimum values, for a particular ‘precipitation period, 
- Within a time of 2 to 20 hr. T The shape of the early segment of these curves — 
is particularly important when this information is to be applied to the ealcu-— 
~ lation of runoff from small, areas under intense precipitation. Where the 

problem involves high intensity storms of several hours’ duration, relatively 
q high initial values may not greatly affect the volume of total runoff. Never- 
“theless, i in the Edwardsville storm of July 17, 1938, the first 8 hr of rainfall, 


amounting to 1.5 in., produced no runoff. 


_ The production of such characteristic curves as those in ‘Figs. = | and 4 
- represents a long advance over the earlier conception of uniform infiltration | 
capacity. Hydrologists are not as yet fully agreed as to the mechanics of 
infiltration that result in the production | of high initial values and the steady — 


i eduction toward a constant minimum, and this matter is being investigated 
The results of research indicate that: (1) Infiltration capacity varies little - 


Fang ‘slope; (2 2) it probably varies materially with soil porosity y and 
With soil moisture, possibly with soil moisture deficiency below field capacity ; : 


(3) it may change rapidly with an alteration of soil surface condition such as 
g occur under the puddling action of rain impact, or under erosion and 
Tnworking of fines where the soil is not protected by good vegetal cover; 


_"Formethodology sees 
M For Plats—‘‘Analysis of Runoff Plat Experiments With Varying Infiltration Capacity,” by fc 

_R. E. Horton, Transactions, Am. Geophysical Union, 1939, p.693. 
“‘Sprinkled Plat—Infiltration and Runoff Experiments on Arizona Desert Soils,” E. 
_ *‘Boutner, R. R. Gaebe, Jun. Am. Soc. C. E., and R. E. Horton, loc. cit 
“A Graphical Method of Analysis of Sprinkled-Plot Hy drographe,” by A. L. ‘Sharp — 
Small Watersheds—‘‘Infiltration- -Capacity Values Derived from Small Watershed Data—_ 
_ As Determined from a Study of an 18*Month Record at Edwardsville, Illinois, ” by 
WwW. W. Horner and C. L. Lloyd, loc. cit., p. 522. be at 
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(4) it may be quite different for bare cultivated soils as compared with grass 
oe or other good vegetal c cover ; and (5) for bare soils it may vary with precipitation 
intensity, but under good vegetal cover it is ‘relatively independent of ‘intensity. 
_ Much is yet to be learned from continuing research in this field, but it is 
pice 
anaes to engineering practice that characteristic values are becoming 
available \ which h may be applied as. representative of soil and cover conditions 
encountered in particular problems. 7 


Infiltration capacity is defined as “the maximum rate a at Ww which 1 the soil, 

‘in a given condition, can absorb falling rain.” Consequently, when infiltration. 
capacity values are applied to a a precipitation. intensity diagram, the rate of 
infiltration is apparent at once. Referring Fig. 4, it will be ‘noted that 
between certain time periods, the rate of precipitation i is less than the infiltration 
capacity. Consequently, for those periods, infiltration is limited by “the 
_ precipitation rate. All the ‘precipitation is infiltrated and n NO excess rainfall is. / ‘ 
produced. ‘During certain other time periods where the rate of rainfall exceeds 
> infiltration capacity, infiltration | is limited to the capacity rate, and | eXCeSS: 


rainfall or or supply is produced in ‘amounts equa equal to the difference between 


".. ~ When infiltration- -capacity ty curves applicable to the soil and cover in a IIL 
drainage basin are applied to precipitation- intensity diagrams, either for an oe 
actual storm or for a design storm, it is entirely practicable nen compute for ly. 
- time increments, throughout the storm period, the rate of production of excess y. 
a rainfall ; or, in equivalent terms, to determine the rate at which excess rainfall ~ 
7 7 will o occur. This process removes entirely that phase ‘of the old coefficient of VI 
runoff that was related to actual loss. For complete engineering application, =. 
this must be followed by supplementary technique through which the diagram 
indicating the rate of production of of excess ‘rainfall may be transformed into al 
; actual flood flow hydrograph, through a: an application of the unit hydrograph, bees 
Infiltration has ceased to be a a va ague phenomenon ; it has been shown to - 
have quantitative rate values with respect to any particular soil and cover 7” 
al. tiv 
condition; the manner in which these values change during a period of precipi- | a 
tation is determinable; therefore, infiltration expressed in terms of infiltration ‘a 
capacity may now be introduced into engineering practice. a i 
APPLICATION To HypRAULIC ENGINEERING © 


to develop a strictly rational method of approaching the rainfall-runoff relation- 
ship that can be based on sound theory throughout. This: work has had to be 
conducted, until quite ‘recently, with relatively “meager data with which to Pe 
test it. Much of the credit for the ‘present development ‘must be given 
rs = Mr. Horton, , and d probably the publication most nearly classic to the course 
of this. doveliqment is his privately published Bulletin 101.7 Howev er, his > 
work been extensively complemented, criticized, and refined by others. ‘ 


During the ten years, 1931-1940, engineer-hydrologists have been working . 
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‘RUNOFF DETER 0 
a he results of scone? in this f field have been presented in publications “ 4 


the Depar tment of a, or cooperating State Experiment Stations, of 


' latter for the period 1934 to - 1940 giv es an n adequate perspective of errepe investi- 7 
7 gational work that has been done. AS. yet there has been no presentation to 7 
" engineering practice of a definite technique’ through which the new ges 


and newly derived data | may be applied to the evaluation o of surface r runoff 
under specific conditions. 
_ The writers have recently had the opportunity to study and anew a 
il ‘ methodology for such an application, first for small areas, conventional in 
character, at the W ashington (D. C.) National Airport, and second for a 


n- 
ai - natural drainage basin of about 800 sq mi miles. Out of the first experience = 
at i there has been evolved a methodology presented in this paper as applicable — ae 
-< “to the determination of surface runoff from urban areas. Out of the second — 
he [experience has come a clearer concept of a satisfactory procedure for ‘large 
nstural drainage basins, 
essential stages involved i in this procedure are as 1s follows: 
88 ‘I_Delineation of the precipitation pattern from which surface runoff is to 


of basic curve of in infiltration | capacity ; 

a Adjustment. of infiltration capacity values to antecedent conditions | and 
an precipitation pattern ; 
or -IV—Determination of the rate of production of excess 1 


storage, and out of surface detention; 


I—Delineation of Pattern Wi hich Surface Runof Is 
To Be Evaluated.— —This pattern m may be set up either in the form of a rainfall | 

- intensity” diagram | or of the mass curve. . In the latter form the relations of 
_ precipitation and infiltration capacity are not ‘so readily 1 visible from hour to 
hour. The writers mu much prefer to show precipitation as an intensity dis a 

Te small drainage ¢ areas it is essential that this diagram be closely representa- 

. tive 2 of the rainfall intensity as it actually occurs. In the illustration in Part II, 

J atime unit of 10 min has been used and this appears to be sufficiently refined 
and generally satisfactory. For such small areas, retention and infiltration, 
out of surface detention reached reached significant amounts and must be evaluated 


large natural | drainage basins, the appropriate unit will 


precipitation pattern should be set up at normal centers. At the 
Points usually chosen for such centers generally ‘only daily rainfall amounts are Y 
available, although o often with observers’ notes as to the beginning and end of 
heavy p precipitation. — It is necessary to transform this information into the 
Most probable intensity pattern, and this must be done through comparison a 


bi the nearest available recording gage records. . Obviously, if there are no 
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"records of hourly rainfall available within a a reasonable distance from such 

Thiessen centers, it would be “useless to attempt preparation of a detail 
_ pattern of precipitation intensity at those points, and time units as great as 3 

* to 6 hr may be the smallest that are justified. Where the data permit, howev er, 
the pattern should be set up in at least hourly amounts. 
II—Choice of Basic Curve of Infiltration Capacity. —Information with 
“respect to land use is now quite readily available for most parts of the United 
States ir in the form of aerial photographs. Using such photographie informa. 

tion, the percentage ¢ of the land under any particular type of vegetal cover, 

such as cultivated Is land, pasture land, v woodland, etc., , may ‘be readily determined 

for any drainage basin or - any part | of such area. = ~ Soils maps are also available 

for a large part of the United States. — ‘Using b both types” of information, it is 

‘not a difficult matter, by Ww well-devised ‘sampling, to take an inventory of land 

and soil for a complete ‘drainage basin of. considerable size. rom the 
results of the research programs, basic infiltration capacity curves may be 
” selected that will be s satisfactorily representative of “ particular combination 


soil and cover under specific seasonal conditions. 


III—Adjustment of ‘Infiltration- -Capacity Values to Antecedent Conditions 
and Precipitation Pattern .—Although, for any soil, cover, and seasonal condition | 
the graph representing the march infiltration- capacity values appears to. 
have a quite definite form: under continuous e excess rainfall, nevertheless, the 
“appear ance of these values during a par ticular precipitation “period will vary 


(a) The initial soil moisture and soil condition will vary from storm to 
storm, and a w ide variation of initial values of infiltration capacity may be 
~ expected ‘. For very dry, open, or cracked condition of the soil, the initial 
values may exceed 4 in. per hr; for wet or plastic soils, it may be as low as 0.2 in. in, 
to 0.3 in. per | hr. ~The writers have found that for r any one soil these values 
are responsive to antecedent precipitation, and show a fair correlation with 
infiltration: when expressed i in amount and elapsed time since 
occurrence. A study of a number of capacity curves produced 


under different antecedent conditions ma ‘a reasonable choice of 

= ai (b) Referring to Fig. 3 it will be noted that, leila the first ten min- 
utes, precipitation exceeded infiltration capacity. The graphs of infiltration 
capacity are typical of tl those derived from i infiltrometer test runs and are 

_ representative of the march of values, throughout time, in which infiltration 
occurring at capacity rates. V ery near nearly the same curves ‘oceur 
as under natural precipitation during compact | storms starting at high intensity 
such as the first storm shown in Fig. 4. For storms in which the precipitation 
a rate in the early part is less than the infiltration- capacity rate, the same values 

of infiltration capacity will occur, but at some later t ime in the course 0 . 

- To permit a satisfactory ‘relation of infiltration-capacity values to precipi- 
es for any particular storm pattern requires a a knowledge no not only of 
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RUNOFF DETERMINATIONS. 
the normal capacity curve such as that in Fig. 3(a), but also as to where, in 
time, these values will appear under intermittent or varying precipitation. _ 
“The required adjustment can be made from an examination of a good ‘series’ 
of such curves derived from small watershed data under widely different rain 
“patterns; « or it may be » approximated from infiltrometer tests s designed for that 
purpose. For the latter | tests, precipitation would not be applied continuously 
s excess rates; the tests would include several : series having intervals at lower 
rates and also varied intervals during which | no precipitation is applied. — 7 
For light open soils, the writers have found that an approximate adjustment a 
a infiltration capacity rates to the time of occurrence may be made on the | 
basis of mass infiltration as illustrated in Part II (see heading ‘Infiltration 
Capacity’ » For soils of high clay content where the decrease in infiltration 
capacity is not so directly responsive to soil moisture change (but may be 
mi in part to change in soil structure such | as that ‘resulting from colloidal | 


The. type of adjustment, oy as to ‘initial ‘end continuing infiltration 
capacities suggested eee, is 5 at this t time the most difficult phase of the 


mechanics of infiltration there is no definite whe that "ean be formulated ine 
allocating these values. They “must be. applied to each storm pattern on 
something of a case system in which the judgment is guided by what actually 
happened under conditions for which infiltration- -capacity curves have = 
deriv ed. In addition to study of small watershed data, the guide to judgr gm 
ean also be obtained from a well-devised series: of infiltrometer tests. 
bad For large drainage basins and long storms a considerable error in the choice 
of initial values of infiltration capacity will have little ‘significance. — 
small areas, as illustrated in Part. II, this item may be of major importance. 
stage of the procedure requires a thorough knowledge of ‘infiltration- 
capacity values for the soils and covers involved, and a ‘a complete study of all — 
available data is a pre-essential to the undertaking of an evaluation of surface | 
runoff. 
The procedure outlined is usable at this time for any project in which the 

_ probable expenditures involved appear to justify an extended engineering — 
analysis. ‘Under these conditions it can be. applied with a much greater = 

- assurance of accuracy, and with the use of much lower factors of safety than 

one involving a a choice of a coefficient of runoff. Undoubtedly out of the 
continuing research programs, and out of the experience resulting from _ 
tations to large drainage information will develop that may be expected 
to simplify | and clarify this type | of adjustment greatly. In that the method 
attempts to recognize ‘the more in important controlling variables and to allocate | 7 
logical: values to them, it will peobanty never be to reduce it to a 


V—Determination of Rate of Production 0 Excess Rainfall—With the 


Precipitation diagram : and the infiltration capacity values adjusted as s outlined, 


= 


determination of the rate of production of excess rainfall is purely amatter 
cof the coincident values for each of the time units” utilized. 
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RUNOFF DETERMINATION Papers 
ground” surface during each time They are subject to si some further 
modification as outlined i in Section Vv. : 


7 thon. —Surface detention i is the term now yoni applied to 

on the ground s surface. _ In its broadest use it includes s also de depression storage— 

‘that i is, water ‘required to fill depressions i in the ground surface below their 

overflow levels. _ Expressed i in another way, it is the depth of water that must 

- exist on on the ground surface to permit flow over the surface, toward the stream 

mar gin, inlet or other approach to e main d system. it not in- 


water in 


cifically, the of overland and to it with the - meager. 
data which he found available i in 1935. 7 An evaluation of surface detention 


now been found to be of extraordinary engineering importance it in studi 


So iene as ‘this persists on any fing of the surface, infiltration will occur “a 


of it at capacity rate, and the surface runoff will be less than the supply by 
the volume so extracted. _ The depth of surface detention will vary y - with slope, 
: character of ‘surface and | cover, and with h the rate of production of ‘supply. 
For surfaces such as posite or forest litter on flat ‘slopes at the end of periods 
_ of high excess rainfall, surface detention will be very great; the time required 


a dispose of it will be considerable, and the: abstraction through infiltration 


a significant quantity. a For smooth surfaces, steep ‘slopes, and small rates of 


excess rainfall, the quantity may be negligible. 
~The: term ‘ “retention” is used herein to define that p part of the supply which 
‘permanently during the period of excess rainfall. It includes 


7 interception and depression storage. m Its requirement must, be satisfied out 

of the early precipitation ; interception o out of the first period of precipitation; 
_ and depression storage out of the first period of “excess. The water quantities 
a) — remain on the e foliage or in depression storage | at the send of 
For smooth, cultivated land, the value of retention appears: to be on the 

order of 0.05 to 0.10. For it is considerably gre greater under 
- good management. — _ For good pasture it may be as high ~~ 0.2, and for good 
early part ¢ of will be removed evaporation and 
infiltration after the end of precipitation, or as to depression storage, after the 
end of of excess rainfall. a In n large s storms, if there are several hours of little or 
precipitation, retention may be wholly. or partly disposed of, and ‘the 
requirements 1 must again be filled during the ‘subsequent part of the storm. 


In one long s storm studied for a forested area, ‘it ae that retention actually 
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exceeded one inch of — For compact storms, except where the cover is 


er 

7 good grass or forest litter, the values of retention may be negligible. . 

nN ia In the procedure outtinn’ herein, the foregoing factors should be recognized 

sit mt applied i in the following manner ee 7 ae 

Characteristic values of intereeption and of depression storage may be 
eir determined from a an analysis of the small watershed hydrographs. After 

ist JB excess rainfall has been computed for each time unit, _ values of interception _ 


and depression storage e should be deducted from such excess in the time units 


where either or the filling of ‘depression ‘storage | 
occur. 


F or small drainage areas > Ww vhere the infiltration pattern i is 8 set up in 10- min 
units and where it t reflects | precipitation intensity accurately, an allow ance for 
infiltration out of surface detention must be determined in the manner illus- 
trated i in Part II. For large drainage basins where precipitation is set up in , 
hourly mean values, and where no ) recognition is given to the rates which may 
oceur within the hour, the resulting net rainfall computed will probably be less 
than the true ‘value. Under these conditions, infiltration out of surface deten- 
tion may be neglected and the two errors will be considered as compensating. — 

I—Translation of Mass | Surface Runoff to Hydrograph Form.—The 
age of this is application involves the translation of the excess rainfall diagr am 
“into stream generally hydrographs or 


‘the runoff i is lost as seepage into: stream bed or bank or on flood plains. “— 


increase will occur where a part of the infiltered water returns to the stream + 
system, during the rise e of the hydrograph. There are exceptional conditions, 
as for some basins, w where the return flow through the ground i is so rapid as to © 
constitute a considerable part of the flood flow. | For such basins, infiltration 


les 

wri capacity may be used to evaluate the | hvdregmgh of on surface runcll, and a 
a separate procedure is is developed | to determine the hydrograph of ground water 
return flow. For: many basins the latter is an insignificant part of the flood 

the II.—APPLICATION OF DESIGN METHODS: 


> 


the - t is intended in this part of the paper to accomplish two objectives: 
and _ To permit a better visualization of the various factors and processes 


ee | in Part I by actually applying them to a small restricted area of 
conventional type, such as a developed city block; and 
_ (6) To show the character of the runoff that will occur from such a con-_ 

tional ar ea, since > the hy drograph will differ because of differences i in certain. 


olling variables. After producing the actual synthetic h ydrograph 
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ption 


we 


Tributary area, in acres 1.3509 0.1222 0. 1223 1.3509 
each combination of conditions, it is proposed to discuss the relation of the 
peak fi flow to the mean rainfall i in terms of the accepted definition of the coeffi- | 
cient of runoff. 


For the purpos of this demonstration, three precipitation h ve 
been chosen, having respective durations of 20, 40, and 60 min. The mean 
intensity for each of these durations is that taken from the rainfall curve 
shown in Fig. 5(a), which i is substantially a 5 -yr rainfall curve for St. Louis © 
"(see Table 1 for inlet areas corresponding to curves I to ‘Vv In the 
application of the rational method, precipitation intensity for specific duration 
periods i is customarily | considered as if it were uniform for the - period. i This 


is a that practically never occurs in nature. T ‘he probate occurrence 


purpose of this. demonstration, the mean for each po 
been into probable intensities and durations i in approximate accord: 


He. 50), 5(c), and 5(d). investigation did 
extend to the order in which these sub-intensity blocks might be expected to 
appear, and no other ‘good investigation of this kind has been reported . The 
~ nearest approach to such a study is that described by D. I. Blumenstock,® 
- but this relates | only to variations in mean intensity, from hour to. hour, within 
storms of considerable duration. 
- Experience has shown that each of the intensity. patterns shown in ‘Figs. — 
a(b ); 5(c), and 5(d) may be expected to occur at some time, pattern 5(b) being 7 - 
the most common. — The three patterns shown have been chosen arbitrarily 
- for the purpose. of this investigation and are referred to her eafter as the “ad- 
vanced,” “intermediate,” “delayed” patterns. 
Mr. Breihan’s investigations did not extend | to a similar variation 
intensities within precipitation periods of less than one hour. _ For the purpose 
of I this investigation, the variations during the » periods o of 40 min and 20 min 
have been proportioned in a manner similar to that wl which | was found for the 


one-hour period (see Figs. 6 and 7). 
“Pat 


PHYSICAL, CHARACTERISTICS OF THE AREA To WHICH cH RAINFALL I 1s APPLIED © 7 


For the p purpose of this ig. 8 shows a city 
- bisected by a paved alley. . There are twelve 50-ft lots on on each street frontage. 
The actual areas devoted to roofs, sidew alks, driveways, s street and alley 
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pavements, and lawns are shown i in detail in F ig. 8(b) and Table 2. The 


general c conditions correspond rather closely to one of the city blocks heretofore | 
enged i in St. } tate _ Not only is the percentage of the area of each of these 


Outflow Hydrogr ra 


Lat 20-Minute Flow 
< [Point For Network: Point For Network 


_| 
| 


(b) PATTERN 


Supply Rate For Block — 


— 


Outflow Hydrograph 
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asses (see Table 2), but the position area within the block 
Significantly affects the character of it its runoff hydrograph. — yh. Equally important 


be: the surface slopes of each component part of the area. Figs. 5, 6, and 7 
5%. 


5 fe based on overland flow slopes of 1% and alley gutter slopes of 0.5 on 
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Fig. 


Manhole A| 
Area, in acres 2.5547 | 1.4731. 5.3787 0.2038 
Pervious..... : 53.6 


sewers, | 
all drainage i is 2 routed through either the street gutters or the den pav ement. 


Roof drainage i is presumed to be collected in house e gutter systems and carried 
through downspouts and short sewers to outlets through the curbing into the 


tim 
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roof water through the street ‘gutters will increase, the 

time of its arriv ral at the collecting | point manhole (manhole - Fig. 8(a)) and 

give a slightly delayed runoff peak for the city block as a whale. 4 : 


INFILTRATION CAPACITY 
Fig. 5(a) shows a curve of infiltration capacities throughout the precipitation 


period. _ This curve is not intended to represent a specific condition accurately, 
but follows somewhat the curve of infiltration capacity under 2-in. rainfall 
rates, as computed from the small plots tested at W ashington University in 
1923 (see Fig. 306). 7 Tt m may be characterized a as representing, rather closely, 


1 2'- 


‘condition « g of about 4 in. of loam pear with yellow day, onl a 
moisture condition that would exist in St. Louis during a midsummer period» 
in Which heavy | y rains ‘occurred about twice a month, the last one approximately, 
two weeks in advance of the conditions that this curve represents. 
_ As far as is known, no sprinkling plot experiments have been made on 
vell-dev eloped city lawn grass. — The nearest approach to such a situation, 
| other than the Ww ashington Un University tests, is in the runs made on the Ana- 
wstia Parkway, for which one graph has hese shows (Fig. 3(a)). Fe or that 
area, _ how ever, , the | soil is a Plastic: mud fill a comparable to the ones 
4 A ‘preliminary study of rainfall- runoff ‘relationships: reported in 193410 
indicates that both infiltration ¢: capacity y and: retention characteristics a are higher : 
for such lawns than for - the sprinkling plots otherwise reported. This ‘is ¥ 
undoubtedly due to the fact that such lawns are frequently mowed, are undis- 
turbed by cultivation, and that it is possible, therefore, for extensive porosity 
to dev elop | because of dead root growth and absence of compaction. _ _ Retention z) 
values are also increased because of the mat of grass-cutting litter that ace accumu- 


lates sat t the ground su surface, and in infiltration | opportunity is extended for the” 


reason, 


The calculations herein will involve somewhat hat lower infiltration capacities — 
B than may be expected under the same summer conditions on the city lawns, 


ind somewhat less retention than will exist on such lawns; and therefore 


ig. 8() 


a raulting rates of runoff will be higher than would be expected for such condi- oO 


ome tions, ‘. his fact, however, does not affect the validity of the calculations with — 
pect to the assumptions on which they are based. 


7 In Fig. 5(a),. the infiltration-capacity ¢ curve ‘is shown in the position it 
= wld have held had it been actually derived from such a plot under a uniform 
rate. For e prec 

Min, rainfall rate. application to. the precipitation patterns ‘shown in 

sto 
paren Tigs. 5(b), 5 5(c), and 5(d), the position of th the e curve has been adjusted slightly. 

€ 
- - lor the purpose of this adjustment, it was s assumed, the initial condition — 
eme 

ied Wn “Relation Between Rainfall and Run-Off from Small Urban Areas,” by W. W. Horner and F. L. rr, 
earri jut, Transactions, Am. Soc. C. E., Vol. 101 (1936), p. 140 (first published in Proceedings, Am. Soc. C. E 
eve 
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\\ gutter. In this respect the conditions are different from those heretofore —  — 

\\ described for the St. Louis blocks gaged, where the sewers were of the combined —_— . 

\ 

— 

| 

| 

| 

4 

— 


the same for seiieieinetn the infiltration capacity ty would arrive at. any specific. 

rate when the mass infiltration was the sa same as that which preceded | the 

“occurrence of such a rate. in Fig. ‘5(a).. Specifically, i in the adjusted positions, — 

the (21 -in. infiltration- -capacity rate is ‘so placed i in time that the mass infiltration 

occurring prior to that time will be and same for each of the dingrams and a 


4 “the e curve. 


_ For the rates of 40 min and 20 min duration (Figs. 6 and 7) the infiltration 


capacity was adjusted in a similar manner. — It is recognized that present — 


knowledge of the mechanics of infiltration is ‘not such as to validate this 
adjustment procedure fully, but : a a study of the St. Louis infiltration- capacity 
curves appears to indicate that for. any initial condition, the march of infiltra- i 


tion-capacity rates is closely cor related with mass infiltration. There i is good — 


- al For simplicity, it is assumed for the impervious surfaces that there is no 


ae of a similar correlation at the Edwardsville > station « of the Soil Con- — 


AND NET 


Thee elemental shown o on city block fall into either the pervious: 
or impervious | class. The position, ‘size of these surfaces, and the direction — 
= length of overland flow are shown subsequently in Figs. 10(b) and 11(d). 7 


permanent retention and no infiltration, although an actual case a very 


small amount of each may exist. _ Therefore, ‘net rainfall is equal to the pr pre- 
- cipitation, and the rate of production of net rainfall or “supply” J ‘idl 


given a symbol a) i is ‘represented by ra precipitation intensity diagram. 
For the pervious surfaces, ‘it is assumed i in all ul cases that th the permanent — 
retention is 0.1 in. _ It appears to be reasonably | representative of the turfed 


areas that have been studied under sprinkling plot experiments. One half « of 


7 this retention, « or 0.05 in., is assumed to be of the character of interception, ‘ 
and is taken out of the first 0.05 in. of rainfall that occurs. _ The other 0.05 i in. 


is treated as depression storage and is taken out as the first 0.05 in. of net 
‘rainfall after infiltration capacity drops below the 


¥,, _ With this allowance for or retention , the rate of production of net rainfall or 
“supply” i is determined by st subtracting the infiltration capacity, rates from the 

precipitation intensity rates, and the result i is shown in Figs. 5, 6, and 7; and, 


om. ts the diagram of net rainfall or rate of production of 


oo These two “supply” diagrams (that i is, the pr ecipitation intensity diagram — 


as to impervious surfaces and the net rainfall diagram as to pervious surfaces) 
_ determine mass Values of surface runoff are unchanged 


ES in the same values under the varying rate diagrams for aed flow 

for each “particular surface, for inflow into the street and alley gutters and 

the final runoff for the city block as a w at manhole. 
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The | characteristics of overland flow have been the subject of extensive 


‘investigation through the analysis of rainfall plots. It has been extensively 
discussed by Mr. Horton.?)"" The field investigations have shown that over- 
land flow in thin sheets may be entirely turbulent or partly turbulent and 

~ partly laminar. ¥ For smooth surfaces, it appears that fully turbulent flow will — 

developed normally, that the Manning formula is applicable. For 

5 subdivided flow through oo rass, most of the experimental data indicate that the 


¥ | ; dition of 75% turbulent i, in which case the profile ‘of overland flow may 
4 be assumed to be parabolic and the flow take place in with 


We 


in which: bi is the depth ¢ of flow at conte k is a constant ; and Q is the rat te 
of flow. Since the profile of the water surface is . parabolic, in this case, the _ 
- mean depth of surface detention may be taken as two thirds of the depth at 


Is ‘the outflow margin of any strip, and the rate of outflow may be expressed either 

- in terms of mean depth or of outflow depth. | For the purpose of this demon- _ 

stration, it assumed that the flow from paved impervious surfaces will take 
10 


place i in accordance w ith the | Manning formula, using an n of 0. 015, and may 
be by the equation 


in n which Vis is in feet per second and 5 is in “inches. It is assumed that the 
flow over 


all 
The values of n derived from experimental studies of turfed plots and 


used in Eq. 2b are ‘not of the same order as the Manning 1 n, ‘because the sa oa 


ist 
a is actually one of subdivided flow. For evaluation of overland flow through 
ald -_turf, it seems advisable to avoid the use of values « comparable to the Manning» 


and to discuss s rather the velocity coefficients in Kq. 2b. The Anacostia 
“plot Fi ig. 3(a)) gives a coefficient of ‘slightly than 0.6. The afore 
‘mentioned value of 0.96 was derived by the writers from ‘experiments reported 
in 1938.12 Unpublished values for flows 1 to. 2 in. “deep through Bermuda. 


wai ! ‘thug indicate that these can be expressed by a coefficient: of about 1.2, al- 

8) though the flow was turbulent. In general, these values over a considerable 

ged ‘Tange of turf conditions seem less variation than the n-values for natural 
nd fp 


| _2 Unpublished manuscript of the SCS entitled ty; of Studies Involving the Application of © 
infall at Uniform Rates to Control ‘Plot Condit by C. M. Woodruff, D. D. Smith, ond Darnell” 


x. Whitt, June, 1938. 


_ Some E 
Transactions, A 


xperiments on Shallow Flows over Grass Slope,” by Ww. oO. Ree, Sps artansburg_ SCs, 
m. Geophysical U nion, 1939, Pt. IV » p. 653. 
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oe ‘any specific project is undertaken for the development of truly repre- 
sentative hydrographs of flow involving the turf on city: lawns, the value of 
™ coefficient i in Eq. 2b ) should be given s some further study. For t the reasons 
heretofore discussed, it ap appears that on well-dev eloped « city lawns, this coeff. 
cient may be as low as that found for the Anacostia Parkway—that i is, on the 

order of 0.6. This assumption i is borne out in part from an examination of an 
actual hydrogr aph for one of the city blocks studied previously,'° where the 


delayed peak and the considerable bulk of flow occurring after the end of 


rainfall indicate in part relatively low velocities of overland flow. | _ 


7 _ On the | basis of the flow-depth relationships of the foregoing type, Mr. 
Horton has developed, for 75% turbulent flow, the equations for the rising 
‘side of the hydrograph, and for the depth of detention corresponding | to any 


rate of flow.4 ‘These equations, as developed from Eas. 2, become: > 


5 3,520 


60 
Figs. 9(b) and 9(c) show families of curves for across turf strips for 
slopes and 


1.60 (ly 60 go. 30 ¢ 


on 


tank 
1,020)°- S0-30 10.60 

4 In Eqs. 4, q is expressed in inches per hour, a all the rate of supply of excess 
“rainfall in inches per hour, S = the absolute slope, 1 = the length of ov erland 
_ flow in feet, t= = time in minutes, n = the coefficient of roughness, and 6 = the 
~ depth of detention, in inches, at the outflow margin at any time ft. The 
mean n depth of detention is for turf 2 and for pavement approximately 

: For any specific area of surface, such 2 as those shown in Fig. 8(a), S 
are inserted and Eqs. 4 then show the relation between the 
overland flow or the marginal depth of overland flow and the rate of supply 
at any time et. For each condition of flow, Eqs. 4 have been gi graphed for over- 
land flow over 10.5-ft and 7.5-ft lengths of _ pavement, for various raves é 


supply. (See Fig. 94.) 


In determining the hydrograph of overland flow, the q equations, Eqs. 34 


“and 4a, are applied to the r rate of supply shown on the diagram, as for example, 
in Fig. ‘5(a). e. here the rate of supply i is varying, the procedure is simplified 
; by reducing ‘the rates" to uniform rates for short periods. _ Where the rate of 
supply i is uniform: for a a considerable time, the 1 rising ng side of the hydrograph 


‘The Boe. of Amer of Runoff Plat Experiments,” by Robert E. Horton, Proceedings, 
Soils cience ioc. of America, Vol.3,19388. 
Soc. of America, Vo! 
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is that represented by Eqs. 3a and 4a for any single rate. If iceinaie 
Of & of supply continues for a considerable time, equilibrium flow is established 
ns & and the rate of overland runoff becomes equal to the rate of supply. 7 a 
fh. - If the supply 1 rate increases either before or after equilibrium flow has been 

the established, , the rising side of the hydrograph is continued as follows: The 


an surface detention at a time w when the a rate increases is related to the 
the 
of (a) PAVED TURF STRIPS 7 FT LONG 
Time, in Minutes For S=0. 04 Time, in Minutes For S=0.04 
vr. (1642.25 
3a) |” si 3 
for | 10 0.15, 
0.75 
Time, in Minutes For S=0.01. Time, in Minutes For S= 0.01. 
4a) Time in Minutes For $20.04 | 
by 4. 6 8 10 12.14 
1.0 


4 | 


in Inches (S=0.01) 


= 
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the 
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ply 
16 20) 24 86 “48 «52 


For. S=0.01 


i. 9.—Runorr Rates, Ov BRLAND Frow 


value of Q by Eq. 1. This same value of detention would have been pre roduced- 
“under the second rate at a different time, and the Q corresponding to 
such 6 at that time | has the same v alue as the Q resulting from the first supply : 
mate. Accordingly, it is possible to join different curves representative 
of the rising side of the hydrograph | for different ‘supply rates. For example, 

Fig. 9c), if the initial supply rate | was 1.5 in. per hr and it lasted for 16 si 4 
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the rate of runoff at that time would be 1 Bac: per hr. Tf at that time the 
supply rate changed to 2.5 in. . per hr, the hydrograph can be continued by 
a7 using the curve for the 2.5-in. _ supply rate at the point of equal flow - which, 
- fort that curve, is found at 8 min. The rising side of the staal will then 
‘develop along this curve until the supply y rate is again changed. 4 
. _ When | the supply 1 rate is reduced from one value to another, a 
takes the form. of a recession ¢ curve, the rate at the lower - end of which is the 
equilibrium 1 rate of flow for the new supply rate. The hydrograph, therefore, 
continues along the recession curve , dropping to the new. supply rate, and then 
uniformly along that supply rate value until another change takes place — | 
At the end of the precipitation period, or at the end of the supply period, 
4 the hydrograph continues as a recession curve. In this case the mass runoff 
“under the recession curve must be equal to the mean detention at the time 
w hen the ‘supply 1 rate is terminated, minus the mass disposed of by infiltration 
during the recession period. This application of infiltration is necessary for 
- ther reason that, v whereas the original supply rate was determined by subtracting 
Pesan capacity from precipitation rate. for the period of rainfall, the 
infiltration ‘subsequent to the end of precipitation has not otherwise 


The character of the recession curve of overland flow raises eesti 
hydraulic questions with respect to which further research is desirable. 
4 order to permit a mathematical analysis of this problem, it is necessary ; 
know the relation during the recession period of the outfall depth | at the control 
- section to the mean | depth of detention. _ Studies made by the writers indicate 
that the parabolic. profile, which seems to be characteristic of the rising side 
of the hydrograph, cannot persist for any length of time during the recession 
Betty _ An analysis of the relationships of the assumption that the water on 
the strip maintains a parabolic profile gives a very simple equation for the 
recession side, but this equation indicates a discharge of the detained water 
much more rapidly than the results of experiments indicate to be possible. 
_ It seems obvious that , at the end of the supply period, a drawdown occurs at 
the outlet, changing the relationship between the pone depth and the mean 
depth « of detention. An analysis of the recession curve for the Anacostia plot 


n+ ‘shown in Fig. 3(a) indicates that the relation of outflow rate to — asian 
depth of de detention may be approximately ¢ 


the residual detention at that: time. Further study of a large number of such 


_ recession curves may g give a better ‘jeliedinn ¢ of how the water surface profile 
is ‘modified during this period. For the purpose of of the demonstration of this 


paper, the recession curves have been adjusted to conform generally to those 
experimental plots that have been examined. 

‘The effect of this procedure in transforming the supply rate shown in 
Fig. to a hydrograph of surface runoff, for each of elemental areas 


See Graphical Analysis of Sprinkled Plat Hy Holts, 
_ Transactions, Am. Geophysics aul Union, 1940, p. 558. 4 
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jar, in which | 5, represents the average depth, over over the entire tributary area, of 
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shown in Table 3, is illustrated i in detail in Figs. 10 to a w hich follow. eel 


one presented i in Fie. ge This rainfall i is reproduced in ‘Fig. 10(a), po 
the respective ‘outflow graphs. ; for each of the elemental areas draining to the 
street. It is noticeable that for the smoothly paved areas equilibrium flow is 

quickly established, a and the outflow graph departs comparatively little from 
the precipitation « or * ‘supply” diagram. The hydrographs for the turfed areas 
reflect both the effect of infiltration and surface detention. — It will be noted 
that runoff becomes. perceptible at about 18 min, which is approximately the 
beginning of the supply rate diagram + as shown in Fig. 5(a). The difference 
between the hydrographs, for areas A, B, and C reflects the difference in the 
length of overland flow, all of them having the same supply rate and the same 
“surface | slope, - for this. @estration, of 1%. The effect of the » longer overland: 
‘flow for unit. A is also apparent in the increased depth of surface detention 


vhich results in the greater mass under the recession curve A. ep a; 
i In Table 3(a), each of these unit areas is shown in its actual acreage and 

; Also as as & percentage of the area of the lot draining to the street. ae mn 
In Fig. 10(b), the ordinates of the hydrographs in Fig. 10(a) have been 
multiplied by their ir respective areal percentages, : and therefore appear in terms 


s per hour for. the | entire tributary area shown on the small plat in 
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‘tam In order. to \ visualize the re relative effect of the pervious and 
impervious areas on the final outflow hydrogh raph f from this entire part of the 

lot into the street gutter, the ordinates have been accumulated separately 
for the impervious and pervious units. These are then added to form the 
final hydrograph entitled “Total Inflow ‘Hydrograph”’ (that is, inflow to the 
street gutter). shows clearly | how, until that the infiltration 

_ capacity became equal to the rainfall rate, plus the additional time required 

_ to satisfy retention, the hydrograph is developed entirely from the flow from 
a. impervious surfaces, and that equilibrium flow from these surfaces has been 


i established before the flow from the | pervious areas becomes effective. a 


At this point it is is well to note e again that the character of the he hydrograph 
ioe ‘not result from the relative percentages es of pervious and i impervious areas 
B alone, even for any one slope. —Itis distinctly sensitive to the length of over land 
1 flow on the turf strips and to the relative position of the | pervious and imper vious 
areas with respect to the outflow channel. — In this example all of the smooth 
impervious areas , with one minor exception, yn, have been shown as having 
5 -flow access to the street gutter. if certain of these areas were so placed 
as to discharge their flow on to the alee mncates of the hydrograph would 
Fig. 11 shows the development of the hydrographs from. the ‘rear of tl 
draining to the inverted alley channel. The general effect of the p pervious and 
F impervious areas is the same as for the street system, but the shape of the 


4 hydrograph is is materially different because of the greater percentage of per mi 


area and of the greater length of overland flow on it. 
These illustrations do not reflect the effect of slope, as. as a uniform s slope of 
1% has been utilized for all : areas within the lot. - The effect of slope, however, 
- is material, particularly on. the turfed areas. . Separate graphs, prepared for 
steeper slopes, are not presented at this time, but where the turfed areas have | 
= of, say, 4%, the surface detention is materially reduced and the peak 
rate of renoll materially increased, even though the infiltration capacity rates 
a are the same. The > result of this application of hydraulics to the net rainfall 
or - supply rate is the p production | of the actual hydrograph of overland flow that | 
may thereafter be treated as s the inflow shydrograph t to the street gutter or the 


inflow hydrograph to the inverted alley channel. 


GUTTER INFLOW, GUTTER STORAGE, AND ‘GuTTER 


this demonstration, ‘inasmuch a as it is assumed that each of the 


“gutter or to ) the alley i is uniform from all lots. eile the gutters represent 
_ hydraulic systems having a free outflow to the sewer inlet at the lower end and 
an inflow which may be taken as increasing from the upper to the lower end 
>- in, proportion to length. re It is proposed here to examine the effect of gutter- flow 
a "s characteristics on the hydrograph by the use of the storage equation in which | 
; the ot outflow at the inlet Q is equal to the inflow represented by the hy rydrograph 
Figs. 1 11(b), respectively, plus o or minus us the r rate change of 


storage i in the gutter. 
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ie permit this ¢ 


any condition of the ‘elation a the volume in 
gutter to th the discharge Q at the inlet. Th his ‘storage V volume is readily deter- 
minable when the character of the water surface profile | is known. In this 
case, the relation between rate _— ne to length of flow y along the the gutter, is a 


linear one, in which 


| being. the total length of the gutter, and z the distance s along the gutter 


measured from the upper end. For the alley-channel gutter, the width of the | 
water surface is great compared to the depth, and the hydraulic radius may be | a 


“closely approximated as being equal to the mean depth. 

In ordinary municipal practice, it has been the custom to assume that the 
water sation 3 is parallel to the flow -line gradient, in which case the depth hz 


at any point 2 x becomes ‘a direct exponential ft function of the rate of flow Qza at 
‘that point. For the | conditions : 15 h?. R0.67 §0.5 


and, assumil 


For this condition of n shown in Fig. 12(b), equation 


od 


v, in Ft per Sec;and 


in Cu Ft per Cubic Feet per Second — 


a Center Line of Street 


oOo 
& 


= Depth in Feet at Outlet 


| 
‘Ve Volume in Cubic Feet 


200 300 400 500 600 700 800 | 
“Va Storage Volume in n Cubic Feet Velocity ir in Feet t per Second 
Fa. 12. —Hyonavite 


bine een h, and ( 


ers April, 1941 RUNOFF DETERMINATIONS 561 
prey, 
TC 
the 
the 
the 
om a 
en 
| 
nd | 
jus We 
ng 
ed 
| | — 
| 
ow 
“FP 9.936, 


‘RUNOFF DETERMINATIONS 


The ass’ assumption involved in Eq. 7a, of 


‘ourse, is physically inconsistent, 
as the values of h cannot vary along the gutter without producing varying 


the 
values of the water surface slope 


sm 


a In connection with this demonstration, considerable study was made with 

respect to the character of the genuine water surface profile for the sin gutter. 

It was found that a rigid analysis : of this hydraulic problem is quite involved, 

and that the matter could be approached best. by successive approximations, 

The water surface profile has been inv estigated i in this manner with the following 


conclusions: 
anil RE. or the channel cross § sections ons show n in Fig. B for rates of grade in eX- 


cess of 0.004 and for the range of flows that: would normally be encountered, 

_ the exponential formula, Eq. 7a, is reasonably representative of the water 


surface. A second approximation involving varying Ww water slopes de ‘termined 


the profile in the upper 20% of the oil and, of course if peste sot 
rately, a slight change at the outlet. due to the discharge drawdown curve, 
These changes” affect storage volume so slightly that the discharge-depth 


: relationship may be determined from Eq. 7a within the limits of accuracy 
7 justified. 


pe The limitations between which these relationshi s are sufficiently accurate 
should be n noted carefully. For extremely flat grades (that is, those less than 
7 0. 0025 on smooth surfaces such as pavement), and for grades of less than 1% 
where the flow for ‘such cross sections occurs over turf, _ the water profile should 
ye determined carefully by successive approximations and the discharge- 
storage equation developed by summation. This has been found to be par-— 
ticular ly important in studies made for the drainage of the National Airport 
at Washington, D. C., where the channel flow is entirely through flat turfed 
gutters. Under these conditions, ‘Storage volume reaches large quantitative 
values with 1 respect to ‘discharge Q, must be ‘rather accurate ly determined, and 
; affects, importantly, the relation between channel inflow and outflow. 7 
The relationship betwe een storage volume and depth at the outlet has been 
evaluated and is shown for the : alley on the control graph, Fig. 12(b). It can 


also_ be expressed ressed directly a: as a relation between discharge rate ar and storage 


This can be done by eliminating h between Eqs. 7a and 7b for the alley, 
which results in the following relationshi 


= 


_ For a short finite At in which the hydrograph pi be taken as a straight line, 
the insertion of these values in the stor juation, with inflow I in inches: 
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This 1 is shown in I} ig. diagrams were 
used to translate the gutter inflow 


prepared for the stree et gutter and we re 


han 


rge- 
par- 


four 


, in Inches 


0 #10 20 30 40 50 8.0 9.0 110 12.0 
Q and (f) J, in Inches per Hour 
Kia, HS FOR THE — TION OF THE STORAGE Equ ATION ‘vou alll 


hydrogr: — to the gutter outflow hydrograph. Because of the character of r 


the street gutter cross sections, the equations are quite involved, and the 


“wrk was done graphically. 
pgs In this applic: ation, the value of J is the mean value for the period At; QL 
is s the value at the beginning < of At; and Q, is the value at the end of period At ' 
‘in min; A is in acres, The gash in Fig. 13 has been prepared by inserting 
the value of k representative of the total tributary area to the alley for a length 
of 600 ft, and a slope of 0.005. The e method of determining Q. from Q; is | 
“shown i in an example by the dotted lines in this diagram. 
For the } purpose of this application, ‘the inflow hydrographs of the type | 
shown i in Fig. 11(b) were modified by evaluating the rate of change of storage 
and adjusting the ordinates accordingly. _ The resulting outflow graph to the 


the alley channel is show n in Fig. 5(a). 
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It w will be noted that for this case the storage volume is so small with res; _ 


to the mass of the fl flow quantity that the channel storage has no effect on the 


Papers 


peak rate. 7 How ever, it does modify the earlier part of the hydrograph some- 

what. 7 The earlier ‘part of the hydrograph is important in translating these. 

values to flow at a critical point on the sewer system, and therefore this is modifi- 

also becomes important to the ultimate peak flow in the sewer. 
_-‘The effect of gutter channel storage for the shorter and d more intense rains 


is not apparent from the graphs. — Actually, howev er, the reducing value of 
- ‘gutter storage becomes highly boning for a rains of 20- min d luration. 


-min rain, n compared to the ‘inflow to the 
that. the not only affects s the rising side of the hydrograph, but 
actually reduces the peak r rate about 30% _ A similar but less drastic reduction 

2 found for the other 20-min rains, pe “the senses is noticeable for the 40-min 
rains, 
In Fig. 14, the outflow graphs to the inlets for ean part of the block have 

hewn multiplied by the percentage - that each part is of the total block : area, 


\ 
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re) 
= 
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_ Cente 


"3040 80 90 120 


“Fro. 14. | 


i 


= therefore a to. inches per hour for the block as a whole (see 


“a sewer on the cross street ; for this purpose the velocity i in the sewer is taken - 


as 5 ft per sec, the time « of iow w between the in inlet ¢ connections has been ev! raluated, 
the hydrographs have been ‘offset accordingly, and the ordinates have been 
summed up to produce the total outflow” graph from the entire | block. (In 


(14, curves III, and IV are the weighted hy hydrographs of flow into 


inlets from areas bearing the same numbers.) __ 


This graph, and the companion graphs i in Figs. 5, 6, and 7, can be accepted - 


as representing, rather accurately, the manner in which ‘the flood flow from 
{ this block will occur at the concentrating manhole . ‘.. ‘The flow so represented 


om may be accepted as that which would result from the conditions assumed. 


Among these conditions, the character of the infiltration capacity curve and 


the amount of retention are important. . As has been previously discussed, 


* such graphs, ‘if, they are re to be used ¢ quantitatively in in sewer "design, should be 


Table 1 for areas). has been assumed that the inlets are discharging into 
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‘based on infiltration capacities and on retention values that have been de- 


he veloped out of actual flow gagings of such city lots. ts. Undoubtedly the infiltra-_ 
e- BF tion capacity for the turf on such lots and the characteristic retention on such 
se [ turf will be found to be higher than those determined from the analysis of of 
i- § sprinkling plats. In this connection, the writers have made a quick preliminary y 


of . review of the results of the gagings from station B (city block 4841 in St. 
ns Louis). 10 a he development of this block as to character of surface cover and 
of § as to oe: is rather similar to the assumed city block outlined in Fig. 8(a). 
The principal d difference is that 1 the actual St. Louis block is nearly twice as 
‘long as that shown in Fig. 8(a). - An analysis of the actual losses that occurred = 
from the 70% pervious area in city block 4841 for a number of rains shows the _ 


ut results : presented i in Table 4. In this form, the values of losses have no specific. ; 
n TABLE 4.—Crry Brock 4841, Sr. Louris, Mo. ; 70% Prrviou 


significance. _ However, they can be broken down by analysis, between reten- 
tion and total infiltration. The amount of infiltration, by comparison with 


Ve Pre- | Infiltra- | Of runoff |} Pre- Infiltra- of runoff 

cipita- from area || “of | cipita- | tion pl from area 

= | jon plus | tributary Date tion, tributary 

| Fain, | “in retention, ‘toaliey, | to alley, 

= inches in inches inches |} in inches 

|e | | 

7) & 2-15| 60+ | 1.29 1.22 1.00 7 

5-28-16 | 30 0.64 0.24 1.95 

6- 2-16| 20 0.91 0.55 

8-11-16 | 20 (0.77 0.60 

0 8-12-16| 60+ 1. 14 0.65 

Cc 

1s) 


“the precipitation diagram, , can be checked against infiltration opportunity. 
In this way, not only can mean infiltration capacity be determined, but by 
analogy to sprinkling plot results, an approximation can be made of the trend a 
of infiltration capacity curve. 
Of course, the peak rate of block flow ‘such as the 68 in. per rhr of Fig. ‘5(a) 

| = manhole A is not the critical rate for which the sewer would be designed 


at the outlet | of this block. c. The it importance of this hydrograph relates t to the 
‘design of the ; sewer r at § some point where the s so- called ‘ ‘critical time”’ is approxi- on 


mately 60 min. At that point on the sewer, if all the blocks in the drainage 
basin had the same typical development a as ‘shown herein, the hydrograph of 7 


blocks, adding the ordinates, and making some further in the 
shape of ‘the | hydrograph that would result from the translation of the flood 
“wave under this condition. ‘process has been applied to each of the 


hydrographs, the routing being traced through typical | rectangular sewer 


outflow | graph at manhole vege representing the of outflow” 
from the entire city block, has been calculated for each of the three duration 
periods: and each of the four rain patterns, and the full hy drographs are shown 
in Figs. 5 , 6, and 7. ‘ In these figures there has also been indicated a value of | 


the net 1 rainfall or supply graph for the blo block as a whole. This is a weighting 
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Of the ‘supply graphs for the pervious and impervious area with respect to the tabl 


4 pr opor ‘tionate amount of these two types in the block. nd rw. i feet 


 *F or ease in inspection there has also been noted on each of the graphs the whi 
character of the hydrograph as it would appear after routing to the flow time sho 


i point on the | sewer system equiv alent to the duration represented | by the to t 
; particular: rain. | By inspection, therefore, it i is possible to note the following: the 
Comparison between the pr ecipitation | diagram and the w weighted ‘supply freq 

line : ‘shows the effect of the infiltration and the ‘permanent retention that was i poir 
introduced into the computations. Ac compar ison between the supply line and wou 
_ the hydrograph a at manhole A (Fig. 14) shows t the combined effect of of surface evel 
detention during overland flow and of gutter storage. The betwee een the 


the ‘equalizing effect rest from non- n-sy nchronous concentration “of 
— flow from the various city blocks at this point. These last hydrographs, as 
to their peak values, are representative o of | the quantities such as have her etofore 
been commonly wel in sewer design under the rational method. For those 
who are accustomed to thinking in terms of the coefficient of runoff, these 
peak rates may be compared with the mean precipitation intensity for the 
original duration | peri iod. 7 _ These > particular | peak rates, of course, result from 
the particular network ‘routing system. used. “This system with 
7 equally spaced branches, and with the flow time in the branch equal to the ~af 


time i in the main, is only one of a number of patterns that might have been 
_ applied. _ Higher peak rates would have resulted if the network system had 
: been 1 chosen of the sector type with the sae converging t toward | the time | 
design point, 
In order to give a general perspective view of the results: of the calculations 


here 1ere presented, Table 5 has been. prepared. All of. the values | giv ven in ‘this 


TABLE 5.—SUMMARY or VALUES FoR ASSUMED CITY Biock, Fig. 8(a) 
(46% Impervious, ‘Ne Impervious Surfaces Draining Over Turf) 


{ 
MIN 4 40-Min Duration 60-Min 


PRECIPITATION PRecrPITaTION =| PRECIPITATION. 
PATTERN — PATTERN 
Adv.*| Del. Uni- Adv." Int.) Del! 
form|"™ 
_Mean..... 2.5 |2.5 |2.5 |2.0 |2.0 |2.0 2.0 
‘Maximum.......... 3. 3.9 9 5.0 |5.0 |5.0 |2.0 |4.0 |4.0 
Maximum supply rate..| 3. 5.6 80 | 6.15 4.01 | 4.25 | 4.50 | 1.80 | 3.22 | 3.52 | 3.79 
Peak Flow Rate at: 
Manhole A... ....... 2.15 | 2.91 | 3.09 | 4.00 | 1.95 | 2.65 | 2.76 | 3.65 | 1.68 | 2.27 | 2.68 3.60 
20-min pointe....... 1.63 | 1.98 | 2.24 | 2.26 | 1.70 | 2.48 | 2.49 | 2.58 | 1.58 | 2.17 | 2.43 eile 
/40-min points... .| 1.27 | 1.387 | 1.55 | 1.56 | 1.47 | 1.96 | 1.98 | 1.95 | 1.44 | 1.92 | 2.03 | 2.28 
om adie... ..-| 0.99 | 1.00 | 1.17 | 1.17 | 1.25 | 1.55 | 1.57 | 1.57 | 1.30 | 1.60 | 1.66 | 1.54 
Mass precipitation.....] 1.17 | 1.17 | 1.17 | 1.17 | 1.67 | 1.67 | 1.67 | 1.67 | 2.0 |2.0 |2.0— 2.0 
Mass infiltration... ....| 0.33 | 0.31 | 0.26 | 0.24 | 0.45 | 0.46 | 0.39 | 0.38 | 0.52 | 0.56 | 0.42 |0.41 
_ Mass SGPHY ..... ..| 0.84 | 0.86 | 0.91 | 0.93 | 1.22 | 1.21 | 1.28 | 1.29 | 1.48 | 1.44 | 1.95 | 1.59 


@ Rectangular drainage network (eee text). Advanced, intermediate, and delay ed, 1, respectively 
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lade are expressed i in inches per hour, or the approximate equivalent cubic — 
feet per se second per acre, except the mass values of supply Q and infiltration F, 

which are in inches in depth distributed over the entire tributary area. BB 
should be noted again that, quantitatively, the values are responsive directly 
to the rainfall patterns and to the infiltration 1 capacity 7 values used, and as to” 
the latter, result in runoff rates greater than would be expected » with the 

frequency involved. 7 - The values j given for peak flow at the various time- design , 

points reflect the particular network sewer pattern previously described and 

would be materially different for a different type of collecting system. — How- 

‘ever, they all have been derived on the same basic assumption and through 

‘the same e application of | hydraulics, and therefore are definitely comparable. 


Sum M ARY | AND CONCLUSIONS 


Conventional Urban of a rainfall rate for 


which to compare 
runoff rates. _ In the pero of the writers a fully. rational basis of design for 


urban storm pert involves the following steps: ad 


> - 


(a) A study of rainfall distribution | and of the sequence of in- 
trary | duration periods, such — as those chosen in 


‘thispaper, 
an) For a particular area, some further research is needed wi ith respect - 
infiltration capacity and overland 


fore city lawn 
an) With the necessary basic data, ‘it is entirely practicable and not. an 
ureasonably involved or expensive. procedure to develop, through: hydraulic 
_ processes, the type of hydrographs s shown in this paper. 
(dy The 1 rates so determined, on the basis of the conditions for which they 
are derived, should be subjected to a further frequency investigation, and from — 
these studies a series: of design curves might be prepared that would give the = 7 
peak rate of runoff expected from each of the typical blocks, for specific slope” 
and at any particular frequency. 

— (e) No ‘attempt should be made to reduce these basic design values to 
‘generally. applicable | flow rates at any “time point,” but in the design of any ~ 

particular s sewer system they would form the basis of flow routing through the 
za The procedure in steps (a) t to (e) is s subject t to or organization and | tabulation 
ina a manner similar to that under which the rational method has been commonly > 
applied. It removes, entirely, the completely irrational coefficient of runoff; 
it involve es a further - study and revision of the criteria of critical time; it implies 
that the critical runoff | rates at the sewer inlets will be routed through the 
sewer: network in such a manner that. the maximum rate of flow which can. 
oceur at any design point will have been determined; its application initially 
will require the extensive preparation of. essential ‘basic data, and extensive 
q ‘Studies as to the physical characteristics of ' typical city blocks. a Its application 
general, after basic hydrographs of determined frequeney have been pre-— 
‘Pared will be little more difficult than the methods now used. a 


or ™ 


> = 


April, 1941 RUNOFF DETERMINATIONS 67 
he 
he 
ne 
he 
nd 
— 
ore 
the 
om 
ith 
ith 
ow 
en 
ad 
ons 
1) 
l 
— 
are 
— 
Del.’ 
f 
4 
0.41 
1.59 


ART III—CONCLUSION 


to the computation of oni flow rates. The writers tafiore that basic hydro- 
logic data a are Now becoming available, of a quality and in an extent, that 
justify the more detailed type of hydrologic. analysis set out, and that hereafter 
the basis of design of important hydraulic structures may be developed ina 
more logical and dependable manner than has heretofore been considered 
feasible. That computations involved will be tedious in “some cases is 
~ recognized; but they need be no more extensive, nor complex, than the technical 
computations commonly underlying the of an important bridge. 
ae The procedure outlined i in detail for small areas of conventional type | has 
been applied with some modifications, but uy upon the same basic eae to 
larger drainage basins and to natural [channels, 
: When applied to larger : areas, , all matters may obviously be on a somewhat 
‘different scale, and some phases of the computation are properly « of a more 


- approximate character re However, even as to such large a areas: 4 


Precipitation pattern ns can be prepared for ea each important -sub- basin, 


Infiltration capacity Ww ‘related to actual soil and 
° over conditions can be accumulated separately for each sub- -basin, and can 


ob e matched with ‘the pertinent precipitation pattern in a logical manner; 5 


ey. (c) From such a combination, the rate of pr oduction of surface runoff from 


each sub- ‘basin will be developed i in the order and manner in which it would 


— (d) The diagram of surface runoff. can then be translated into the hydro- 
‘graph of stream flow at ‘any particular pc point in each sub-basin. through the 
unit graph or a proper evaluation of surface detention and | channel storage. 
The hydrographs for the sub-basins can then be synchronized and combined 
for the main stream. This application unquestion nably requires more detailed 
physical data as to stream channels and valley storage areas, and involves a 
material increase in the cost of the design phase of the engineering of hy draulic 
_ structures; but it permits a marked reduction in the factors of ignorance that | 
need to be applied thereto. 
7 ne procedure is restricted to the determination | of flood —s from surface 
runoff. - For many basins, ground water or base flow during the rise of the 
hy will have a cmall value and may be neglected. For some conditions 
it may be e large and may add materially to flood flow. Any detailed discussion 


of this question is beyond the scope of this paper. 
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The demonstration presented herein for small conventional areas shows, in 

>. principle and outline, the manner in which hydraulic methods may be applied ie 
ore ization af hasi ata and ivation of caronnd clata = 

= 
y 

— 

Fo 
= 

me 
— 
te 

— 
‘i 
— 
— 
[= d 
— 

— 
a 
| 


Founded November (1852, 
4% 


PAPERS 


N EXPERIENCES, 
— 


By y ROBERT M. Morris," 


7 Some of the problems i involved in sie cetien of a large flood-control and 
water- r-supply project in this paper. The writers demonstrate how 
efiectively the Tygart Dam can perform the functions for which it was planned. 
For example, the effect of the reservoir i in reducing flood crests at down nstream 
points i demonstrated. The accuracy of these estimates i is dependent on the 
‘method of flood routing g and the thoroughness with which it is consummated. 


The elements ved in routing these floods are described only b briefly because 


a complex | pr roblem of this 1 type would ‘require a separate paper er for complete - 
presentation. 


INTRODUCTION 


At the junction ¢ of t the Monongahela Ja and Allegheny rivers, in Penn: nia, 
le Pittsburgh, the steel city, favored by nature with bounteous coal supplies - 
ind three broad rivers for its transportation. Nature can be exacting for its — 
however. Records indicate that almost annually since the eighteenth 
“century flood waters rolling down from the western 
Mountains have inundated some parts of the expanding city. = “At the time of 
the 1907 flood, when Pittsburgh had grown to be the steel center of the world, 
the valleys of the Allegheny and Monongahela rivers were lined with ‘industrial — - 
The low-lying ‘ “Triangle” at the junction « of the two rivers 
the crowded business center of this great industrial district. The flood of | 
then unprecedented heights, took a terrible toll in lives and 
_ property damage and awakened the citizenry to the realization that, since 
‘their city had been built practically i in the flood plain o of the rivers, some m means 
must be found to check the annual flood menace. | BF es poses 

~The Pittsburgh Flood Commission, formed after the 1907 ~ a 
detailed study of methods of flood ‘control and published a a ‘complete report. 
me —Written comments are invited for immediate publication; to insure publication the last 

scussion should be submitted by August 15, 1941. 


ct ‘ Assoc. Engr., U. S. Engr. Dept., Pittsburgh, Pa. bu 
Asst. Engr., U.S. Engr. Dept., Pittsburgh, Pa. 
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TYGART 


A ‘complete plan for a ten-reservoir system for flood control in the Upper Ohio — 
Basin was developed by the Army Engineers; and finally, in 1934, funds were 
pip 
— by the federal government for the finst unit in this s system, * dam 
n the Tygart River, one of the main tributaries to the Monongahela. — . The 


ater river is one of the world’ S greatest industrial waterways, linking the 


and other ‘the Pittsburgh District. 
stream was hampered periodically by low water in the dry summer and autumn — 


months, this dam on the Tygart | River was designed for the dual payee of 
food control and water ‘supply. 


Army have been in servies: since 1938. F ollowing 
record-breaking flood of March, 1936, which caused an estimated monetary 
loss of $178,674,000 and heavy loss of life in the Ohio River basin above Wheel- 
ing, W. ‘Va. , money was appropriated by Congress for the extension of the 
reservoir system and four other units are now (1941) under construction. T his ; 
paper purports to discuss some of the problems involved in the operation of a 
large flood- control and water-supply project and to demonstrate i effec- 
tively the Tygart Dam can perform the functions for w 


« dam is on the River in Taylor County, West Virginia. It hee 


just two ‘miles by stream above the City of Grafton and 27 miles above Fair- 


; Ww where the ' Tygart and the West Fork ri ivers join to form the 
Monongahela “Riv er. This latter river is -canalized over its entire length of 


128 miles, and from its mouth at Pittsburgh | (where with the Allegheny River 


mont, W. 
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Pap pers April 
itm wales to form the Ohio i“ to its source at F airmont there are thirteen the d 
navigation locks and dams. The tributary drainage area of the Tygart Dam the 
is 1,183 sq miles. This is ; 16. 1% of the total Monongahela Basin (drainage mone 
om, & 384 sq miles) and 6:2% of the combined drainage area of 19,117 sq. and ¢ 
‘miles of the Monongahela and Allegheny rivers at Pittsburgh, = =. of th 


This paper deals primarily with the operation of the reservoir rather than “spilly 
design or construction of the dam and only a brief description of the structure age a 


is” presented herein for the purpose e of clearness in explaining methods of 7% head 
‘operation. avail 


_ by he dam is of the concrete gravity type, 1,880 ft long, and 1 rises es about 230 
ft above bedrock. ‘The s spillway section, at about the middle of the dam, is 
—-489 ft t long and i is flanked by bulkhead sections 23 ft higher than the spillway. 


erest. Th outlet works consist of eight conduits 5 ft 8 in. by 10 ft, each con “wat 


trolled by ‘two, vertical, hydraulically operated, steel slide gates and two, sati 
q --48-in., , internal, differential, needle valves for low-water | regulations. — A cushion to] 
a, 4 pool i is provided b below the main dam for the dissipation of the kinetic energy i stuc 
of discharge through the outlet works and over the spillway. Fig. 1 shows the & nay 
- 4 location of the dam; a view of the completed structure is shown in Fig. 2; ; and it 
—_— a cross-sectional drawing is given in Fig.3. The cost of the completed project, ad 
including railroad relocation, was about $18,000,000. Pe ac 
GENERAL ‘FEATURES OF OPERATION floy 
a ne - Reservoir Capacity. —The s size of a flood-control rol reservoir i is governed both Th 
the economic feasibility y and the hydrologic pc potentialities the project. on 
; The dam should be built to a height necessary to produce a reservoir of sufficient dis 
Fé capacity to pr rovide a reasonable degree of control over floods similar to those Sin 
of past record and over theoretical floods that may possibly occur in the future. mi 


WwW here storage for low-water control must also be considered, as in the case of 


 Tygart this feature becomes doubly al 


— 
— 
‘ 
— 
— 
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RESERVOIR 
the dam and attendant reservoir capacity are also limited by the point at which 
Jam % the cost of the completed project, converted to annual charges, approaches tl the 

age monetary benefits that will result from its ; operation. . Exhaustive hydrologic - 
sq and economic studies made by the Army Engineers, prior to the construction 
= of the dam, limited the capacity of the reservoir to only 290,000 acre-ft at the 
han spillway crest, which is equivalent | to 4.5 in. of 1 runoff from the tributary drain-_ 
ture MB age area of 1,183 sq ‘miles. Between n the spillwa ay crest and the top of the bulk- 
s of IE head sections an additional quan ntity of 88,000 acre-ft as surcharge storage is 
1 available. as 4 shows the capacity of the reservoir in terms of elev ; 


Spillway Crest” 


£ 
80 120 160 200 
Capacity, in Thousands of Acre- Feet 
Fic. 4.—Curve or Reserv oon | Capacity 
230 Seasonal Storage. schedule of dual- -purpose operation is required. for a 
dedi wh control reservoir of limited capacity if it must | augment the seasonal low- 
way water flow in the Streams: below the dam. The rate. and quantity pales 
on water storage must be coordinated w ith flood-control operation to "provide 
WO, satisfactory results for both purposes. In allocating reservoir storage capacity 


to low -water regulation and flood control, during the months of low flow,a = 
study made to determine the water required to maintain 
“navigation conditions on the Monongahela River, under the most adve erse con- 7 
ditions that might reasonably be expected. 7 ‘Using the historic 1930 drought a: as 


a criterion, ‘it was determined that sometime it might be necessary to maintain 7 


> 

o | 


7 a constant discharge of 340 cu ft per sec . from the Tygart Reservoir for the 
d4-month period from July 1 to December 15. - Translated into volume, this 


fow would be 675 acre-ft per day, or or 113,400 acre-ft for the 168- day peciod. 


oth The record of the Tygart River during the 1930 drought reveals that, although 
ve on occasion the discharge was as low as 1 cu ft per sec, the total volume of 
ien 


discharge from July 1 to December 15 was approximately 13,000 acre-ft. 

Since the difference between the total volume of ‘required discharge and the 

minimum expected inflow determines the volume of storage that must be in 

the reservoir prior to the low- -water period the use of 1930 as a criterion w _— - 

hecessitate 100,000 acre-ft of storage by July 1 
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_TYGART RESERVOIR 
n planning the operation of the reservoir, , it pon necessary to determine | 
wh hen, and at what rate, storage should be impounded in order to have the re- 
pe’ storage by this time. It is obviously desirable to reserve the entire 
reservoir capacity for flood storage during the periods when floods are most 
prevalent. — A study of Fig. 5 shows the distribution by months of floods” at 
_ Pittsburgh, and indicates that flood frequencies increase from November to 
March and decrease from April through O October. T herefore, maximum storage 
‘capacity - is maintained in the period from November to March | and, since the 
oe - probabilities of damaging floods begin to decrease in April, at this time a gradual 
“increase i in storage may be started . An n analysis « of an dischar ‘ge during the 
_ months of April, May, and ‘June in 1930 indicates that, by limiting the reser voir 
- outflow to 100 cu ft per sec, the required 100,000 acre-ft of storage : could have > 
~ ’ been obtained between April. 10 and June 15. No ill effects would be caused 
_ by this schedule as a flow of 100 cu ft per sec is ; sufficient to maintain satisfactory 


sanitation conditions for the City of Grafton this the year, 


Vil All ALLS 


' Based d upon the computed rate at w hich storage could — ann obtained 


P 1930, ‘a curve has been developed (Fi ig. 6) for a a guide i in 1 impounding storage. k 
Starting on April 1 the reservoir ¢ outflow should be adjusted (always maintaining: 


‘a minimum of 100 cu ft per sec) § so that the reservoir pool v will an at a rate that 
will keep ‘it on or above the elevation shown on the guide li line. Thus, even if 
conditions 1 more severe than the low-water year r of 1930 are encountered, 100,000 
_ acre- -ft of storage can be impounded before July 1. Referring again to Fig. 6, d 

a depletion curve has been developed showing the rate at which oe reservoir 


0 
Feb. Mar. Apr. May July Aug. Sept. Oct. Nov. Dec. “a 
Fic. 5.—Montuty or Past Fioops at Pa. 


pool would have receded i in 1930, under a constant outflow of 340 cu ft per sec, 
assuming the total inflow for the es to have been equally ‘distributed. Tt 


Occurrence 


Percentage 


or above the guide- line requirement, it is that the guaran- 
teed minimum discharge of 340 cu ft per sec can be — continuously from 
July 1 to December 
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RT RESERVOIR 


General Features of Flood-Control Operation—As previously mentioned, the 


“gross capacity of the Tygart Reser voir is equivalent 1 to 4.5 in. of runoff from the 7 
‘tributary drainage area.  Howev ev er, when the low-water r storage of 100, 
acre-ft is in the reservoir, the remaining flood-control capacity i is equivalent to 

only 2. 9 in. of runoff. Obviously a reservoir of this « cannot 


| | | 


| 


AL STORAGE ScHEDULE 


over similar drainage basins in Eastern ‘United States. This limited stora; 
¢ capacity, therefore, presents a problem of operation since ‘the outlet works can- 
‘not be closed arbitrarily at the beginning of a flood and opened when the flood 
is past. : A proper balance must be maintained between outflow and inflow s so. 
that the maximum benefits will be obtained from the available storage capacity. 
Flood storage in the reservoir should not begin until it will aid in preventing or 
reducing damage at some downstream point. — _ As the flood passes and fore- 
casts of stages indicate that an increased outflow from the reservoir will not 
arrive at the critical downstream points until after the rivers at those points: 
have receded below. damage stage, the rate of storage in the reservoir may be 
reduced by a gradual i increase in reservoir outflow. ere 
The true functions of a reservoir of this type during 2 a general flood are to 
delay the rise of its tributary flow only until the streams to v Ww hich it is affluent 
are falling below damage e stage, and to k Pp the r mag 1itude of their ultimate 
Natural Hydrograph at 
7 Downstream Point 


——-— Reservoir Outflow | 


Operation 
Storage 
Discharge 


Discharge 


Time 
‘Fie. 7. —Scuematic DIAGRAM OF RESERV@yR 
b below this critical point. This | principle is shown diagrammatically in 
Fig. 7, w hich h illustrates the necessity to store, not the entire flood flow, but only 


that part represented by the single cross-hatched area of the hydr ograph. — The- 
double cross-hatched area represents the discharge of storage; the two areas, 


—" 
re 
re 
at 
ry 
7 
san Spillway Crest Elevation, 1 167.0; Capacity 289 600 Acre-Feet 
ry § 2 8 1010 __Minimum Pool Elevation, | - 
~ 11200 Acre-Feet St = 
the 
ing 
6, 
x 
li Bae. 1 &> 
ran- 
rom 


4 representing reservoir “storage and draft, would, on an actual f flood, be equal ‘forn 


_ The ideal result obtainable from this type of operation is shown diagrammati. to d 
“ally i in Fig. 7(6), which represents the desired effect at some distant downstream and 
flood- damage point over which complete control cannot be procured. his Loe 
condition obtains on the Monongahela River below Lock 7. a _ Above this | point nor! 


‘the T ygart:. Reservoir can exercise almost continuous control 0 over |] r Monongahela int 
River stages but beyond Lock 7 (which i is immediately below the mouth of the poit 
Cheat River) the the Monongahela Valley i is still subject to floods from the ‘uncon. 


trolled drainage area a of this large tributary s stream. exp 


Since many of the past floods of 1 record in the ‘Upper Ohio River Basin are of i 


the double- peak and triple- peak variety y wherein one wave rises immediately on “offic 
"the recession of another, the importance of ending flood storage and beginning | stag 


discharge at | the possible moment i is ig this 


effort has been ail to determine fixed rules of operation and to ‘establish cris 


teria for the time and rate of flood storage and the time and rate of ‘discharge a mos 
of storage. The first attempt at establishing a fixed operation schedule 


based v upon stages | at Pittsburgh, since it is in this district that the great m mone- HM att 


tary flood losses occur. ‘From a study « of past floods, a certain stage combined sta 

_ 4 with ; a definite anticipated rate of rise on the Pittsburgh ‘ ‘Point” gage located the 
at the confluence of the Monongahela and Allegheny riv ers was set as the the 


- Starting 1 limit for storage ir in the Tygart Reservoir, and likewise a certain stage “ace 

andr rate of fall at Pittsburgh indicated the time for release of storage. - Because red 

_ of the complexities of the drainage basin above ‘Pittsburgh it was soon evident HB als 

- that an operation schedule based entirely on on stage ‘conditions at this point w vould oft 

13 be subject to wide variation in results. % The floods that occur at Pittsburgh are | 


not always caused by simultaneous flood flows. of the Allegheny and Mononge- 


= rivers as either stream is ‘sufficiently large ge, ., indiv vidually, to ¢: cause or con- 
to flood | in _the Upper Ohio ‘River. Therefore, ale 


 resu 
experience has indicated that benefits from the reservoir would 
be sacrificed if the. operation schedule were based on the Pittsburgh s stage alone. 


a One very important factor, which could not be overlooked in establishing 3 

. rules of operation, was the ir influence | of navigation on the Monongahela River. ‘tive 

: ‘The tonnage on this stream exceeds that on most of the inland waterways of cou 

the world, and the commercial traffic is vital to the industries of western Penn- Der 

sylvania. . In most instances, stages at w hich navigation is suspended on the bili 

ouh 

Monongahela River, due to flooding of the locks, a are below the. stages at Ww hich im: 

actual flood damage begins in in the cities and towns | of the . valley. T he loss vil 

sustained by of f navigation is is quite a as real as physical flood damage em 

taken into consideration in the regulation of the reservoir. con 

Because of its comparatively short dam section, Lock 5 at Brownsville, imy 


is usually the first lock on the Monongahela River to be inundated by * 
: lens river and the last lock to return to normal service. This point, therefore, 
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“April, 1941 TYGART RESERVOIR 


forms a control index for the entire river. If the Tygart Reservoir i is aia: 


and if, during res reservoir discharge. ge, a, the eutiew 3 is regulated to keep. the: stage e at 7 
Lock 5 below the top of tl the lock walls, then the maximum benefits should 
normally be obtained throughout the length of the Monongahela River Valley. | 
In the current operation studies Lock 5 has been used to a large extent as the 
point on which operating criteria must be based, and in a later paragraph the 
results obtained at Lock 5 on several actual floods will be demonstrated. T he 
experience gained thus far strongly indicates that predetermined rules will 
serve . only” as a partial guide for successful reservoir operation and maximum 


efficiency can only be accomplished from judicious use of accurate forecasted — 


stages at the critical p points. The following example will tend to illustrate 
thispoint. 


The average -wave translation time Tygart Dam to is 
approximately — 14 hr. ~ When the rivers are rising the Tygart Reservoir, to be 
most effective, must begin storage at least 14 hr before the predicted time for 
Lock 5 to be overtopped by an uncontrolled flood wave. Storage must continue _ 
at the maximum rate in the reservoir until it is predicted that 14 hr later the 
“stage at Lock 5 will have receded below the top of the walls. 7 The rate at which 
the reservoir outflow can be increased must be equal to, or somewhat less than, 
“the predicted rate of recession on at Lock 5. —‘dTf all these conditions : are forecast _ 
accurately the reservoir can be operated so that the loss of lock service will be 
reduced to a minimum, and the maximum reduction of the flood crest hom - 
also be obtained at Pittsburgh and other critical ‘points throughout the length | : 
‘One possible « objection te to the vu use of Lock 5 for operation control is ‘that 
positive storage in the reservoir may be used for the benefit. of the } Monongahela _ 
River Ww hen the 1 river” at Pittsburgh i is below flood stage. If a great general 


food should occur in the Tygart Basin immediately following this period, 
Sufficient i in m 


‘reservoir r might be be reduced, as part ¢ of 1 of the storage > capacity Ww ould be occupied — 
at the beginning o of the flood. co This p possibility can be ; greatly - lessened by ac- | 


curate meteorologic forecasts and intelligent use of hydrologic data. 
Flood Prediction. —In the preceding section importance of predicted 
“iver stages below a flood-control dam has been | emphasized. It is ev rident, of 4 
course, that the forecast of inflow in into the reservoir itself is of great importance, a 
particularly Ww vhere the storage capacity is limited and where there i is a possi- — : 
bility that the reservoir will be completely filled by a large flood or succession of 


smaller floods. In this section some of the factors affecting flood prediction 7 
be discussed briefly, and the sources. of river and rainfall data w ill be 


The first factor to be considered in making river-stage forecasts is the 


Condition of the streams at the beginning of the storm period. ‘This is very 
‘important as a flood of some definite magnitude may be comparatively small if 


isolated, If it has occurred closely after another flood, however, which a 


Utilized all all the natural storage in the stream valleys, it may result in extremely 
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harmful stages. The floods of neti 3 1937, i in the Ohio Valley were of this 


type. 


_ This is hauls a function of the absorption c capacity 
of the soil and waitin of vegetation. A constant check on the rainfall. 
runoff relation must be maintained as it varies through the year. _ When they 
are unaffected by surface runoff, river stages represent outflow of ground 
water, ¢ or subsurface flow, giving an indication of soil conditions and the rate of 
infiltration: to be expected with rainfall. _ Studies are being conducted along 


these lines to correlate these factors more accurately for) use in ‘determining 
1 


fallen snow. A network of rain gages § and river-gaging stations is maintained | 
over ‘the Upper Ohio Drainage Basin by the U. S. Weather Bureau, U. §. 
Army Engineers, and U. 8. Geological Survey. Daily reports from these 
‘stations are telegraphed to the Pittsburgh Office of the ‘Weather Bureau at 
7:00 a.m. and during periods of heavy rainfall at 6- hr intervals. The > Weather 

‘Bureau, i in conjunction with the Federal-State Forecasting Service, makes 
_-‘Tiver-stage predictions for principal points in the Pittsburgh 1 District of the 


In the > tributary area of the Ty gart . Reservoir a net a netw ork of ten rain gages 


distribution of rainfall, combined when with the ‘water of 


are “made of reservoir inflow using runoff distribution percentages devdeg 

7 tae from a a unit hydrograph for this basin. Fairly good results have been obtained 
and investigations are being made to define a small drainage basin above the 
dam to be used as an index of the runoff to be expected from the entire basin. 
Accurate prediction of rainfall over an area before the rain has actually 
fallen represents the ultimate hope of those engaged in flood- -protection work, 
Rapid strides i in the science of air-mass - analysis indicate that such predictions 

from data obtained by the Weather Bureau are distinct possibility. 
a Flood Routing —In s simple terms, flood routing i is an : analytical redevelop- 

_ ment: and transition of a flood w ave—its inception from surface runoff 1 in the 
headwater areas of one basin, its ‘subsequent m movement downstream “aug: 
_mented by inflow from successive tributary streams and diminished by the 

flattening of the wave as it progresses downstream, ‘and the effect of natural 
valley storage. If the natural inflow from one of 1 the tributary streams is 

_ withheld by a flood-control dam, the net effect at some dow nstream point will 

be a function of the valley storage between the da d the point at which 

the reduction is computed. _ This amount of ho poet itself be 9 


function of the rate of discharge from the uncontrolled parts of the drainage 
= The Army Engineers of the | Pittsburgh District have been conducting 
extensive investigations | into various analytical methods of flood routing and 
have adopted the so-called “coefficient method,’ ’ first used in the Muskingum 
Watershed studies, the mathematical ty pe most 
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routing reaches he ends of these reaches are marked by stream-flow sta- 
tions, so selected th that the time of flow translation betw een the reach limits is is as 
“nearly equal as vn and corresponds s somew what to the interval of time cused 


by and w slope s storage. The ou outflow the reach 
isthus determined. The outflow so determined at the end of the reach is then a 
checked against the actual flood hy drograph. A representative group of 
floods in the Upper Ohio Basin have been routed by this method and very ; 
close agreements between the reproduced flood hydrographs and the actual 7 
flood hy drographs have been obtained. i The flood routing coefficients de- 
termined by this method of routing have been used i in computing t the reductions 
‘effected by the Tygart Reservoir at Lock 5 and at Pittsburgh. - 


Resutts rrom F 'LOOD-CONTROL OPERATION 


Floods Encountered. —It is a curious fact that, since the of con-— 
‘struction of the Tygart Dam, four floods h have occurred that exceeded in crest — 
magnitude a all but one of the | previous floods of a thirty- -year period of record 
at this site. In descending order of peak discharge the first five floods of 
record on the Tygart River are those of July, 1912, October, 1937, April, 1939, 
February, 1939, and March, 1936. Since the dam was not fully completed until 
January, 1938, it was not possible to control all of the four recent large floods. 
Construction was not far enough advanced to have any any y appreciable effect on 

the flood of March, 1936; some control was exercised over the flood of October, - 
1987; and, during the foods. of February ry and April, 1939, the. dam \ was in full 


“operation Om other flood occurred i in December, 1937, which, although of 


‘minor proportions on the Tygart River, Ww ith flood 


- October, . 1937.—This flood was the second gre greatest of record on the Tygart 
River, reaching a peak reservoir inflow of about 52,000 cu ft per sec. The | 
installation of the slide-gate machinery in the dam was not yet completed The 
one of the slide-gate conduits was closed by a bulkhead at this time. *- The 
“upper reaches of the reservoir had not been completely cleared and the avail- 7 
able storage capacity, therefore, w was limited. * ‘During this flood the dam was 
operated as a detention reservoir. _ All seven available slide gates and both 


v: valves w ere open from the of the rise until the: reservoir was 


outlet w vorks at a low storage head that some > 104, 000 acre-ft of storage. were _ 
impounded in the reservoir. — The rainfall causing this flood on the Ty ool 
River was | general over the entire Monongahela Basin with the result that 
navigation locks on the ‘Monongahela River were flooded out and flood stage 

at Pittsburgh was exceeded. Fig. 8(a) shows the hy drographs of the Te 
Reservoir inflow and outflow, and Figs. 8(b) and 8(c) demonstrate the effect 


of the reservoir on the flood hydrographs at Lock 5 and at Pittsburgh, 


tuskingum River, Ohio (308), Vol. IV,’’ report of U. Zanesville, Ohio, December 
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December, 1937. —This flood was the first on which the ‘Tygart rt Dam « could 


larly severe, the peak | reservoir inflow being 22,000 cu ft per see, b but the flood 
“stage at Pittsburgh was exceeded 


(a) RESERVOIR R HYDROGRAPHS | and the reservoir effected some 
| reductions at this point. Fig. 
9(a) shows the reservoir inflow 
and outflow, and Figs. 9(b) and 
| 90) show the effect of the reser- 
on the hydrographs at 


5 and at Pittsburgh. 
ebruary, 1939. —This Was a 


Reservoir Outflo 


= 20} 
a double-pr peak flood, the crests 
February 4. The peak r reservoir 


inflows were 28, 000 cu 1 ft per 


sec and 43,500 cu ft per sec, re- 


— 
| 


(6) 
| 5) RIVER STAGES ar 


a vere test of operation technique. 
October «1937 November vere te t p 
Some of the storage impoun e 
charged as rapidly as as possible w vhen. ssuaeatiauas forecasts indicated the ap- 


= discharge was . so calculated that the Monongahela River was held stationary 


r0- 
anal 2 ft below the lock walls at Lock 5, thus ; allowing nav | 


- actually be operated. The flood on the Tygart River itself was not particu. 


Lock 5 
‘cal =. Ir spectively, the latter being the 
Probable Stage | fourth greatest of record in the 
= Dam Operation Tygart River. Precipitation 
= 
Top of Lock Walls | the Monongahela Basin and 
8 | j this river would have experi- 
4. enced a flood of ‘major: ‘propor 
tions: had t not bi been for the 
a probable Stage without ‘| effectiveness of the Tygart Res 
=20 = _ervoir. The reservoir inflow and 
a outflow are shown in Fig. 10(a), 
= 
Sis _| and the reductions of the flood 
hydrographs at Lock 5 and at 
= | 
| ‘Pittsburgh are shown in 
=> double-peak flood of the 
RIVER STAGES AT PITTSBURGH 


poe of f additional : rain. Referring to Fig. 10(6), it can bes seen that the rate ; 
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cved on the entire river. Near the a of ~_ second flood wave, e, storage 
was again n begun 1 in an effort to reduce this crest at downstream points. The 
total volume of reservoir inflow from January 30 to ) February 5 5, , inclusive, was. 
about 264,000 acre- ft. Ther maximum | Storage in the reservoir at any one time 


nas only 128, 700 acre-ft, so that it is evident that, by this system of opera-_ 


tion, a possible third and peak have been reduced. 
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of Cu Ft per Sec 


Discharge, in Thousands 
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6 RIVER STAGES AT Lock | 5 


Now 


1937 
9.—F oop OF Decemper, 1937 


& April, 1939. —" the beginning of “April, 1939, Storage was started i in 1 the 
reservoir for the pt purpose of impounding 100,000 acre-ft for use e during the low- 
vater season. The natural discharge of the Ty gart River during | the first. 
; two weeks of the month was such that about 90,000 acre-ft had already been 
. impounded by April 14. — With this volume of storage already in the reservoir — 
‘nother major. flood occurred on the Tygart and Monongahela rivers. 
peak reservoir inflow of 44,000 cu ft per sec on April 16 places this flood third a a 
in order of crest taegnitede i in the history of the Tygart _—— A large flood — 
of this type, occurring with the low-water storage already in the r reservoir, = 
funished a thorough test of the capability of the Tygart project to perform: ; 
its dual function of flood control and water supply. . The results, as shown in. 
fig ll, were satisfactory. — During this flood the r reservoir pool reached the 
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hi highest le level yet : attained at El.1 1144.7 75, % representing a gross st storage ¢ of 220,97 “ 
Although the net storage » during the flood period wa was about 131 000 


_acre-ft there was still about 68,000 acre-ft of storage capacity available. a 
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Fra. 10. —Fioop or OF January AND ARY, 1 


id Minor Rises on on n Monongahela 1 River. —There are frequent occasions yns throug 
out the year when a sharp. rise in the : rivers will threaten the - suspension of 
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as possible, the flow of the Monongahela River without storing an unduly && slide 

large volume of water. Experience has indicated that the detention r reservoir decr 
the 


“method c of operation, maintaining a fixed number of gate openings, is effective 

on t these minor rises. A ty pical example | of this type i is given in Fig. 12(a), BB and 

‘goa operation during a rise in March, 1940. | ‘Fig. . 12(b) shows. that the flood 
Monongahela River would have overtopped the walls at Lock 5 had it not been guid 

4 for the storage in the 1 reservoir. _ Obviously, a somewhat greater reduction i ng J 


the stage at Lock 5 could have “deen | conti 


Bo | ra obtained by further reducing the reser. the 
By : voir outflow. However, on such free 
| quent rises of this low-stage type, it j As « 

23 ‘not believed advisable 1 to impound too divic 
Resevoir much storage in the reservoir lest its junct 

effectiveness be impaired should a1 major port 
| follow a series of minor rises. gahel 
Review of Flood-Control Operation— iiver. 

2 1S OROGRAPHS | ‘It is apparent that on each of the floods I the c 
"encountered thus far in the operation of tions 

pe To Top of Lock the Tygart Dam a somewhat, different Figs. 
= ston ‘Studies are continuously in progress to in Ta 
determine the method of f operation that 
3 \ ill result in obtaining the maximum 
monetary benefits and will be equally 

2 | satisfactory to flood control and navigs- oa 
tion interests. The operation during 
gy these first two years, therefore, should be a 
considered experimental. ‘During the —— 

flood of December, 1937, effort was 
‘made to correlate the time of reservoir mal, 

_ storage wit iththe river stage at Pittsburgh. ‘or. 17, 

a consequence, the maximum po 


“sible rate of storage was delayed until 

nearly the time of the peak reservolr 

inflow. The rate of discharge, also 

; based on the Pittsburgh gage, produced somew hat undesirable conditions on the 


5 


Fic. 12.—Fioop or Mancz, 1940 


Monongahela River. - In the flood of January-February, 1939, it was found that 
an attempt to maintain a fixed passing flow ‘during the storage period, anda an 
- increasing discharge rate after the flood had passed, resulted in excessive manip- 
ulation of the gates and valves and an extremely “irregular hydrograph im- 

mediately be below the > dam. _ This flood also e emphasized the fact that, to be most 
i effective, storage must be started in in the reservoir ; at the > beginning o of the rise in} 


ot su 

7 a inflow | without waiting for a predetermined stage at some downstream point. lum 
r a. Somewhat better results m might have been n obtained f had storage been started eed 
about six hours earlier on the second peak. the flood of , 1939, 
Ing 
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the U pper Ohio River Basin to determine the benefits that would result from 

reductions of flood peaks. - The details of this damage study are quite extensive 
| snd only the results are presented herein. - The Monongahela Valley has been 
divided into three damage districts as follows: Pittsburgh District, from the 
junction of the Ohio and Beaver rivers to Lock 2, Monongahela River; McKees- 


port District e 


river. 


num 
AND Dam 5 Lock anD Dam 3 Prrrspuron, 
viga- , 
ldb Actual | Reduc- — Redue-| Bene- | 4¢t¥@! | Redue-| Bene- | fits 
tions gage tions fits? |, £38 tions | 
Oct. 29, 1937... 28.9 | 3.8 “780 28.9 | 3.7 | 980 | 27.8 | 1.6 =| 1,680 
WAS Dee. 18'and 19, 1937 21.9 | 11 5 | 209 | 08 | 274 | 100 105 
rvoir a 31,.1939.......] 240 | 2.2 23 | 229 | 1.9 160 | 233 | 08 | 0 | 183 
ae heb. 4, 1989........ | 279 | 30 | 70 | 275 | 23 | 240] 254 | 06 | 70 Zz — 
argh ior. 17, 1939... 26.1 | 38 | 85 | 253 | 3.0 | 385] 232 » 0 | 470° 
pos ..... 363 1,765 690 | 2,818 
: &Feet. of dollars. 
ont Water 
nd an of the p primary purposes of construction f the Tygart — was 
nanip- prov ide a storage reservoir to supply an adequate flow for navigation during 
h im: te low-w ater season. — Prior to the construction of the Tygart Dam, there 
most many occasions when the natural flow in the Monongahela River was: 
rise ina t sufficient to ‘maintain full pools behind the 1e navigation dams. . When the 
point. Tolume of water required for lockages, plus the normal leakage past the dams, 
tarted tteeded the natural flow of the river, the pools would recede below the dam 


xtending from Lock 2, Monongahela River to Lock 4, Monon- 
ghela River; Upper Monongahela District from Lock 4 to the head of the 
‘Damage curves for these three reaches of the river, as developed from 
the > comprehensive study of flood damages, are shown in Fig. 13. | The reduc- = 

tions of the crests effected by the Tygart Reservoir on the floods shown in 

| Figs. 8 to 12 were applied to the damage curves to determine the flood-control 
benefits attributable to the Tygart project. The results in detail are presented 


0 1 Table 1, the total sum being $2,818,000 i 
ta 


TABLE 1.—Economic Benerits, OPERATION oF TyGarT Dam 


tests and the navigable depths i in the pools would be. reduced, thus necess 


‘slide gate, thus increasing as the available storage capacity 
decreased. The rate of discharge after the flood peak had passed permitted. 
the Monongahela River to maintain a steady recession at the navigation locks — 
and was satisfactory to navigation interests. The operation during this April 
flood is believed to be the most successful yet attained and will be used as a 
a“ on future floods of a similar nature. 
Monetary Benefits from Flood Control. planning the system of flood- 
control reservoirs a very comprehensive study w vas made of flood damages i in 
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time navigation was completely suspended ¢ above the pool of Lock and Dam 7, 
‘and was maintained at a restricted rate below Lock 7 only by virtue of water 
obtained from a hydroelectric development on the Cheat River. The action 
of the Tygart Reservoir in allev iating this condition during the two years 1939 | 
. and 1940 has been effectively demonstrated, especially during the late summer 
and early fall of 1939 when the most severe low-water conditions since 1930 — 
were Fig. 14 shows the daily: reservoir for. 1938 


| 


June July, Aug. 
—Datty Poot ELEVATIONS 
Th 1938 i it w: as not ee to ms n storage i in the reservoir in April (as 
slled for on the operation schedule) because of complications in land acquisition 
n the reservoir area. Storage was finally begun late in June, and by July 20 
ibout 40,000 acre-ft had been impounded by limiting the outflow to 100 cu ft 
ier sec. Fortunately the natural flow of the Monongahela River was sufficient 
permit this procedure. On July 20 and 21 a storm occurred over the Tygart | 
Basin and, by storing almost the —_— runoff, the full storage pool of 100, 000 
Release of this storage was begun on August 6 when the Monongahela — 
River began to to recede to low stages, and proceeded continually to November 18. 
the data in Table 2, Col. . 2, demonstrate the increase | in the low- ‘water flow 
rovided by the reservoir storage during this period. 
low-water season of 1938 was not particularly severe except for about 
m0 weeks in late August and early September. However, the effect of the - 
lease of storage from the Tygart Reservoir produced conditions so far superior — 
0 those experienced i in normal years t that this feature of the reservoir operation L 
malted in widespread | public appr »proval. A head of 0.5 ft was maintained on | 


te of the navigation dams on the Monongahela River from Dam 
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a ‘to Dam 7, inclusive, throughout the low-water period. - Below Dam 7 the head 
« on the dam crests was less than 0.5 ft due in part to the greater number of 


— Jockages i in the lower r reaches of the river. In late August and early September 


the — behind Dams 5 and 6 receded to the dam crests and the additional 


TABLE 2.—Low-WaTER REGULATION 


Total of storage released, in acre-ft.. . 5 
- Average rate of release, in cu ft per sec 


_ Average discharge, Monongahela River at Lock 15, in cu ft per sec 
_ Percentage supplied from Tygart storage reservoir 


; 1 eae discharge, Monongahela River at Lock 5, in cu ft per sec is 7 


August 6 to November 18. August 15 to October 25. 


Ne water being provided by the Tygart Reservoir was just sufficient to keep these 


pools full. It was quite apparent that w without this water supply the normal 
_ depth in in these pools could not have been maintained. +. ae 
In April, 1939, ‘storage was begun i in the the reservoir in accordance with the 
operation s schedule. flood that occurred on “April 15 and 16, described 
previously herein, necessitated storage in the ‘reservoir far above the lo low- 
water storage pool. _ Following this flood the 1 reservoir ws as drawn down from. 
the crest of El. A, 144. 75 to EL.1 077 on ‘April 27. % Storage was then impounded 
ata gradual rate to attain 1 the full low-water storage pool at El. 1,094 late i in 
May. Natural river discharge during June and July was such that no discharge _ 
of the Tygart storage was necessary. Beginning on August 15 and extending 
to October 25 severe low-water. conditions were experienced i in the Monongahela , 
Basin, and the release of ‘Storage from the Tygart Reservoir was responsible 
for navigation on the Monongahela | River. The data 
in Table 2, Col. 3, illustrate the effectiveness of the reservoir on the e Mononga- 
hela River discharge, 
2 As a result of this regulation by the Tygart Reservoir, conditions on n the 
_ Monongahela River were maintained much the same as during the previous 
year. a A 0.5-ft head was held on the dams from Lock 15 to Lock 7, whereas 3 the | 
" oll pools at Locks 6: and 5 were barely full. The marked deficiency of rainfall od 
the acute low-water conditions on other streams of the Pittsburgh District 
' made the effect of the e Tygart storage « on the Monongahela River quite apparent 
the general public and many favorable comments were expressed by those 
interested in river transportation, 
Evaluation of the monetary benefits attributable to the ‘Tygart Reservoir 
during this period w ere made through recourse to the records of the 1930 


: drought. — In that year the low water began about July 1 and by July 20 the 


impaired. Several slight rises in discharge increased the pool depth 
oo about 2 ft, but in mid- September a a deficiency of slightly m more than 4 ft existed 

_and navigation authorities declared that, should conditions become any worse, : 
it would be impossible towboats on the Monongahela River. Sub- 


_ pool at Lock 5 had receded 4 ft below the crest of the dam, and navigation was : 
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sequently, arrangements were made to obtain the storage impounded i in the 


hydroelectric development on the Cheat River for low-water control. This ad-— 
; ditional flow was just sufficient to maintain navigation in the lower part of i 


Monongahela River, but in the upper reaches of the Monongahela River, above 


Lock 7, the pools with the exception of Lock 10 were completely empty and 


A comparison. of the stream- m-flow r records of 1930 and 1939 reveals, of course, 7 
‘that the 1930 drought was more prolonged and severe e than that of 1939. 
However, the conditions experienced from mid-August until late October ins 
are comparable with the early period of the 1930 drought. 
id Since the increase in flow (amounting to a total of 60,950 acre-ft) provided | 
ty the Tygart Reservoir was barely sufficient to keep the low “Monongahela 
navigation pools full, it is certainly evident that under natural conditions these — 
pools 1 would have been well below the dam crests. 
In 1930 information w was obtained from the larger companies engaged in 
"Monongahela River traffic to the effect that complete ‘Suspension ¢ of navigation a 
would result in increased direct costs to these companies of about $1,230,000 | 
: per mi month. It was also estimated at that time that restricted navigation with 
- the pools below the dam crests resulted in increased costs of approximately 
$189,000 per month. The average monthly Monongahela River tonnage for 7 7 
-Tily, August, and September of 1930 was 2,130,930 tons. - In August, Sep- 
tember, and October of 1939 the average monthly tonnage was 2,160,900 tons. 
The navigation pools of the river would have unquestionably fallen below 
. “the critical dam crests for at least two months in 1939 and, since the volume of 
traffic was comparable to that of 1930, a direct saving of at least $140,000 - 
month, or $280,000 for this low-water period, was effected. A determination 
of the exact amount which the navigation pools would have receded under 7 —_ 
natural conditions was considered inadvisable, as the quantity of water lost ae 
leakage can only be approximated. problematical, therefore, w hether 
or not t navigation could have been maintained even constantly i in a restricted > 
manner throughout the dry p period without additional water. supply. The cost 
figures obtained in 1930 pertain only to the additional cost of providing | coal © 
by means s other than river shipment to the industries normally served by water _ _ 
transport tation. The far- -reaching indirect effects of disrupted transportation 
delayed upon the plants immediately concerned and the general 
he upon other related industries cannot be readily reduced to a money basis. 
i Therefore, the estimated saving of $280,000, representing only direct additional 
Bes of coal shipments and based on the assumption that navigation could 
have continued i lina restricted manner without the Tygart Reservoir, is believed | 


Water REGULATION; WaTER SUPPLY AND SANITATION 


General. .—The seasonal storage in the Tygart Reservoir and the regulation 


ang the low-w water periods i is based primarily on the demands of Monongahela _ 
River navigation. However, since this river is extensively used as a source of | 
domestic and industrial water supply and at the same time as a disposal channel 
for sanitary and industrial wastes, | any increase in the seasonal low-water flow — 
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~ constitutes a major benefit ta to ) industry and to o the general | public i in the Monon- 

- gahela Valley. Deplorable ¢ conditions existed in the Monongahela River during 
1930 drought, constituting serious menace to the public health. The 
improved condition of the river water since the Tygart Dam has been Placed 

in operation h has » ome quite apparent at the water w — and industrial plants. 

on the river. 
Quality of River r Water.— —In the drainage area tributary to the 

Tygart ecerviie there is a sew ered population of from, 15,000 to 20 ,000 persons 
_ discharging domestic wastes directly into the river. Industrial dev elop ent 

above the dam is sparse, there being but ‘two plants of any size using the river 

for industrial disposal. . During periods of low-wa ater flow the W est Virginia 

in the vicinities of Philippi, Elkins and se\ sewage 

treatment plants: are contemplated for the latter two towns. There has been 

rather extensive coal-m -mining activity in the area above the reservoir, and the 

- drainage from abandoned mines imposed an acid load upon the streams. Ace 

tivities of the federal government in the mine-sealing field have resulted i in the 

sealing of 124 out of 187 aban- 
_ TABLE 3.—Increase 1N RIVER doned mines above the Tygart 


The storage period of the 
Tycart River Tygart Dam begins: early in 
April (see! Fig. 6). Ordinarily the 
ending Per- Average | major part of the 100 ,000 acre-it 


from of storage be impounded 


during the spring freshets of 
April and May. During ‘these 
; periods of high river stages the 

Ww ater relativ ly 


3l¢. 
Sept. 15.. 
30.. 


ane 


Oct. 31... 
Nov. 18..] 


Average... 4 


‘basin for the contam- 
inated low-water flow i in the dry 
summer months. City of 
Grafton, immediately below the 
dam, obtains its raw water sup 


cubic feet per second. At and» considers this 


Charleroi, Pa. August 6, 1938. © Total. n- wry river 
June 7, 1939. Average, both periods. Superior to: the ru Tu t 


the water in the reservoir as ‘safe,’ 
all Chemical analyses s of the water discharged from the reservoir during the 
ast summers have been made and the average values are as follows: s: Alkalin- 

tty, 5 ppm; soap hardness, 29 ppm; turbidity, 7 ppm; free c arbon dioxide 


(co 3 ppm; potential of | h dro en (pH), 6.1; ee 68° F; and indi 
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cated number of B. coli (24 hr presumptive), 1 per 10 million. Turbulent t dis- — - 


charge through | the needle valves" insures a dam-site flow that is high i in dis- 
purification of domestic and 


“other wastes that have a high oxygen demand. 
Increase in Flow of Monongahela River ——Disposal by dilution is an accepted 
_ <— method of handling almost all of the common wastes incident to human and— 
oo mo activities. The success of the method is dependent upon the 
quantity and quality of diluting water available. The quality of the Tygart. 

it : Reservoir water has been discussed, and Table 3 gives the increase in low-water 


flow ‘supplied to the ‘Tiver” during various critical periods of 1938 and 1939. 
ia | Under the heading: _“Low- -Water ‘Regulation; Navigation, ” average values. 
1s were given for ‘te increase in the low-water flow for a continuous period i in : 


1988 and 1939. 7 The values contained i in Table 3 are for intermittent critical 
periods a and are based at different points. 


he Chemical Changes in 1 Monongahela | River—An estimate has been made of 
e i the probable effect of the Tygart Reservoir on the chemical characteristics of 
he the Monongahela River during the low-water seasons of 1938 and 1939. 
he Chemical analyses of the reserv voir 1 water and of the river as recorded - the 


TABLE 4.—Tycart Dam OPERATION Errect on AcipiTy AND Har 
IN | MononGaneta River 
. (Reductions i in n Parts per N Million; Averages Al Are V WwW Veighted f for Time) 
he 
ABOVE (BELOow 
led CHARLEROI, Pa. ‘YoucuiocHeny | Pa 
8 and '1939_ _‘River) 
the 
ely Sept. 1 to 15... 
the ‘Get. 
ive 
dry 
i} 
the 
1 
voir 


Average (1038)...... 


arious water and plants along its course were obtained con- 


tinuously throughout these periods. The ‘approximate natural discharge « of 
the river, as it would have -— without the additional discharge from Tygart 
Reservoir, determined. Stream-flow records wi were investigated to find 
- Years pr prior to the construction of Tygart Dam when the Monongahela River 
compared closely the natural discharge during 1938 and 1939. 


Avera 
ge 
uD (1988 and 1939)... 


| 

ad 

| 

i 

—— 

— 

— 

yest 

alth 

the 
° 

alin- 

xide 

ndi- — 
nd q 


RESERVOIR 


From the past records of water works plants the chemical. 
characteristics of the w water during | these ‘years of sir flow \ were 


“the chemical effect of the Tygart wa ater an and are 


— Monetary Benefits—The total quantity of water consumed for various 
purposes throughout the length of the Monongahela River was determined by 
_ a field investigation of the records of the municipal water w orks and industrial 


plants. These data are shownin Table 5A. — At the same time time the method 


TABLE 5A.—WatTER CONSUMPTION, TABLE ‘OB. ARY 
Mononeaueza Riv ER, IN MGD (app 000) 
DUSTRIAL | 


River reach 

(see Fig. 


tral- 
water 


ization | 


airmont, W. Va.,to 
~ Charleroi, Pa. 
Charleroi, Pa., to 3 
Me cKeesport, Pa. 
Pittsburgh, P: 


Who 
SS 


to _ 
S28 8S Sa xv 
wo © 


28. 
47. 
75. 


cost of water treatment were to as follows: 


Neutralization (lime « at $12.00 per r ton), in ‘cents per ‘million gal, 
(lime at $12.00 00 ton and soda a ash at 25 per 25 


and hardness effected by de Reservoir and the unit costs of water 
treatment (in tk thousands produce | total total monetary as 
in 1 Table 5B. 


has been to assign ‘monetary various factors, as the 
creased oxygen-carrying capacity that aids in the assimilation of domestic 
sewage and other organic and inorganic wastes. . The possible effect on the 


_ Ohio River below Pittsburgh has also been omitted. The estimates of mone 


benefits, therefore, are believed to be conservative. 


_ Although the operation of the Tygart Dam for low-water supply i is ooly 


one ‘step forward in the desired purification of the rivers of the Upper Ohio 

Basin, the presence of “this reservoir does i insure the population ¢ of the Monon- 
7 ‘gahels Valley against repetition of the conditions of 1930. This feature of the 
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project i is an important | by-product functions of and 


flood control. 


i? The total monetary benefits attributable to ‘the Tygart Dam for the first 
two years rs of operation 2 are as follows: Flood control, $2,818,000; navigation, ee 
$280, 000; and w water ‘supply, $281,100—a total of $3,379, 100. Monetary 
benefits have been determined only where direct savings to the public can be 
shown n. . The direct benefit for the maintenance of navigation is most mislead- 
ing because, as explained previously, many intangible factors, including delay a 
ad disruption of industrial production, are too complicated to be evaluated a 
fully in a paper of this nature. The effect of the Tygart Reservoir in maintain-— 
on 
- ing unrestricted nav igation on the Monongahela River throughout the summer 7 
and fall of 1939 is probably t the greatest single benefit attributable to this project. 7 
. ‘The moderate reductions effected on flood crests at Pittsburgh by | this one | 
1 -Teserv oir, controlling only ¢ about 6% « of the total drainage area of of the combined 
“Allegheny and Monongahela rivers, serve as an indication of results that may 
be. obtained from the proposed ten-reservoir system. It is also worthy of 
mention that, although the net reduction in the flood peak is the most important - i 
factor in evaluating flood damages , there i is also the factor of time that the 
tiv er Temains above damage stage. "On some of the floods discussed herein the 
degree of synchronization of the discharges of the Tygart River with 


those at Pittsburgh was such that only : a small Teduction in crest stage was — : 


3 “effected, but it was accompanied bya much greater r reduction during the covension: 
:. of the flood, with a corresponding reduction in the time that ) the river | a 
above flood stage. This time element is particularly important at the locks 
- of the Monongahela River, and the reduction in the time that these locks would 
have been out of service is one of the important intangible benefits to which no - 
These first two years of operation 1 most. do not represent average 
~ annual ¢ conditions since three of the five largest floods of record on the Tygart 7 
‘Basin occurred during t this time and the Monongahela Basin experienced one 
the worst droughts i in 1 its history. On the other hand, only small floods with 
ity low damages have occurred at. t Pittsburgh during this period. A small 
wd tion ona larger flood would result in n greater flood-control benefits than have _ 
thus far been obtained on any individual fi flood 
5B ) a Inc conclusion, it is believed that the results achieved thus far by the Tygart po 


? Dam, even in the experimental stage, , amply justify the funds expended for a 
its construction and operation and are the most conclusive proof that can 
Offered for the extension of the flood-control system of the | Upper Ohio River 


‘The authors wish to express their to -Col. W. E. 
Covell, M. Am. Soe. ¢ E., ‘U.S. Army retired, who ) supervised the preparation 

of this pa paper vr during | his ner of duty as as district ¢ engineer for the Pittsburgh 


on Engineer District. i Acknowledgment i is also made of valuable contributions | 

th zz P. Schuleen, Assoc. M. Am. Soc. C.1 E., V. L. Bohden, : and E. W. Landen- 
be 

all of the U. 8. Engineer Office. fice. 
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AGRICULTURE 


_ By ROBERT L. Lowry, JR.,! M. Am. Soc. C. E., AND ARTHUR FL 


_ JOHNSON,’ Assoc. M.AM.Soc.C.E. 


= 


‘Transpiration and ev aporation, together accounting for con-_ 


sumptive use of water, have been shown by ‘experimental i inv vestigations to be 


influenced by - climatic factors, | of w vhich temperature , gives | one > of the better 


‘correlations. Consumptive in a number | of adequately watered irrigated 
valleys: and h humid watersheds, representing a wide range in climate, latitude, 


elev: ation, vn, and type of | crops, is shown in this paper to bear a straight- line rela- 
tion, within narrow limits, to accumulated daily maximum temperatures above © 
32°F during the growing om, Fost actors ‘responsible for deviations from 
average consumptiv e use are discussed. ‘The relation of consumptive use to 


‘growing- season temperatures offers to the engineer a ready means of estimating 
“probable. consumptive use on projects under i inv estigation as an initial step in 
determining the irrigation requirement at the farm or at the point of diversion. 


‘Short descriptions of each area studied, with summaries of annual data, are 
‘given in the Appendix. 


The problems of consumptive use of water have been studied intermittently 7 

by: engineers of the Bureau of Reclamation since the early years of the organiza- — 

~ tion. The relation of consumptive us use to temperatures was first studied i in the 
Bureau i in 1920. Other approaches have been made from time to time. Many : 


4 engineers have collaborated in the studies, and this paper, therefore, is the re- 

‘sult of accumulated effort of the organization. 

; ‘The study was made for the purpose of obtaining a working | basis for es- 

‘timating the probable annual consumptive use of water on projects — under _ 


— 


aa Nore. —Wri ritten comments are invited for mene publication; a insure publica ation the last dis- 
Cussion should be submitted by August 15, 1941. iain 

_ | Hydr. Engr., National Resources Planning ent, Pecos River Joint Investigation, R Ros 
formerly Engr., Bureau of Reclamation, Denver, Colo. > : 


2 * Associate Engr., Bureau of Reclamation, Denver, Colo. 
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investigation for conditions of of full inicinnnens with an adequate water supply. 
With. consumptive us use known, n, estimates of irrigation req requirement may be made 

by taking into account the effective precipitation and expected | losses incident | 

4 to the diversion and application ¢ of the water consistent with the characteristics _ 

- = of the individual project ; studied. Eff Efforts were directed toward finding a de. 
- 4 -pendable correlation between consumptive use and some factor that influences. 
‘consumptive use, or some related factor for which records are readily available 

- in most areas, such correlation to be used in estimating the consumptive use 

on the areas under investigation. Growing-season temperatures were found to 

be - more satisfactory than other factors studied, and this paper discusses their 


for this purpose, 


The determination of consumptive use for agriculture, in its full sense, in- 

volves allowance for consumptive use by nonagricultural | areas also. W here 

nonagricultural use is limited to precipitation, it need not be considered, but, 
where it is supplied in part from ‘present or potential irrigation it 
cannot be neglected. many projects, control or elimination of nonpro- 
ductive water uses may determine the fenaibility of additional | agricultural 
development. this study an an attempt been made to evaluate | non- 
a agricultural losses contributing, to valley consumptive use in order to arrive at 


the true value of use fo ise for agr iculture. 


9 


Ina whebiins sense, ‘consumptive use? is ‘* * * the quantity of water, in acre- 

7 

feet per cropped a acre per year, absorbed by the crop and transpired or used 
a - a directly i in the building of plant tissue, together with that evaporated from the 
erop- -producing | land. ” The ‘Committee’ definition of valley consumptive use 
includes also the consumptive use on the uncropped area and -nonrecoverable | 

deep-soil percolation. Valley consumptive use i is ‘Tepresented by the difference 

between annual inflow to the valle 2y (consisting of surface and subsurface move- 

ment of water into the _ of precipitation) and the total outflow there- 

from in the same ‘period (consisting of surface and subsurface movement of 

water out of the valley), with appropriate correction for changes in surface and 
subsurface storage. For the purpose of this paper, the Committee’ s definition | 

of valley consumptive. use has been modified by > the omission of the term 
“nonrecoverable deep percolation loss” and the substitution of the term 
“equivalent 1 valley area’ ’ for cropped or area. “Nonrecoverable deep 
percolation loss” is a form of outflow independent of t the factors influencing — 
transpiration ‘and evaporation, the forms of “use primarily « considered herein. — 
An effort has been made to limit consideration to valleys where deep percola- 
oo tion losses are believed to be negligible. The “equivalent valley area in n each 
ee case comprises the entire area or ’ valley (except for areas consuming no stream 


os flow), reduced to an area consuming ¥ water at a a rate seg to ‘that ces the 


a. cropped area. Every a 
pp 


the jor use on such areas counterbalances the incomplete on 


| 
tiv 
= 
4 h 
> 
wit 
the 
aff 
‘sin 
— 
dat 
bel 
ma 
“mo 
int 
det 
‘ind 
Co 
4 
Bur 
ix 
f 
1. Soc. C. E., Vol. 94 (1930), pp. 1349-1377. Cali 


OF WATER 


cropped areas. There are often also extensive areas with partial supplies fer ed 


ing on ground waters or surface wastes from the irrigated areas. — 


EARLIER INVESTIGATIONS ; 


studies have been made for the purpose of 


tive ‘use, anil are not Their r results mu must be 
interpreted in terms of their purposes. 
Experiments. —Some of the first on consumptive use were 

“simed at measuring plant transpiration in relation to growth, and many ‘= 
these were designed to eliminate surface evaporation. The laboratory experi- 
‘ments of T. A. -Kiesselbach, Briggs and H. L. Shantz,' 5 and many others. 
with tanks and | potometers, have demonstrated that, with other factors con- 

‘stant, production o of dry matter for any one crop varies in direct p pr roportion. to 
the » quantity of water transpired, over a wide range, but that plant efficiency is. 
affected by soil fertility, frequency of cutting, and many other factors. ors. The 
efficiencies of various plant species were also found | to vary widely under 

_ Other experimenters have used tank data as a basis for | estimating | con- | 
sumptive use. Se C. Stevens,* M. Am. Soc. Cc. E., used the Briggs and Shantz 


data for various crops e estimating consumptive use by applying the relation. 


between transpiration and dry / matter produced to crop yields. OW. C. Ham- 
matt? and E. B. Debler,® Members, Am. Soe. C . E., and others, have made — 
more direct : application by endeavoring to simulate natural conditions. _ The 7 
integration method used by ‘A. F. Blaney,* M. Am. Soe. C. E, involves 


i Because of the difficulty of ‘simulating n natural conditions and eliminating 
individual differences, tank experiments were re declared by the Duty « of Water 
-Committee® to be of questionable value. The - improved equipment and meth- 
“ods now available remove many of the ‘uncertainties characterizing early tank 


y ‘Transpiration as a Factor in Crop Production,” by T. A. Kiesselbach, Research Bulletin No. 6, 
ebraska Agri. Experiment Station, 1916. 


| §5“The Water Requirements of Plants,” by L. J. Briggs and H. L. Shantz, Bulletins Nos. 284 eets 285, 7 
‘Bureau of Plant Industry, 1913; ‘* Relative Water Requirements of Plants,” by the same authors, Journal — 
oA Agricultural Research, Vol. 3, 1914, pp. 1-64; and ‘‘The Water Requirements of Plants at Akron, Colo- 
bie by H. L. Shantz and L. 'N. Piemeisel, loc. cit., Vol. 34, 1927, pp. 1093-1190. oo ae 
ix §“The Duty of Water in the Pacific Northwest,” by J. C. Stevens, Transactions, Am. Soc. Cc. E., , Vol. 


_ -7*Determination of the Duty of Water by Analytical Experiment,’ ’ by W. C. Hammatt, loc. cit., - 


M ‘Final Report on Middle Rio Grande Investigations,” by E. B. ‘Debler, Bureau of Reclamation, — 

Dew 1932 (unpublished); see also discussion by Ivan E. Houk, M. Am. Soc. C. E., of ‘‘Experiments to bd 

i Rate of Evaporation from Saturated Soils and River-Bed Sands,” by Ralph L. Parshall, Assoc. 

“— Soc. C. E., Transactions, Am. Soc. C. E., Vol. 94 (1930), pp. 982-995. | 

- **‘Rainfall Testation and Consumptive Use of Water in Santa Ana River Valley and Coastal Plain,”’ 

Cal H.F. Blaney, and Colin A. Taylor and A. A. Young, Assoc. Members, Am. Soc. C. E., Bulletin No. 33, a 
‘lifornia Div. of Water Resources, 1930. = = 

in Cole ‘Regional Planning—Part VI, The Rio Grande Joint Investigation in the U ax Rio Grande Basin u 
re orado, New Mexico, and Texas, 1936-1937, Pt. III, Water Utilization,” by H. F. Blaney at and ayerr 
National Resources Committee, 1938, pp. 295-427, : 
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stantly in progress at the many federal and state agricultural experiment 
stations. 4 . Although many of these studies are directed toward comparison of 
- - plant varieties as to to yield, resistance to heat, cold, plant diseases, etc., there < 
have also been m many experiments (such a as thone conducted by J Widtsoel™ 
| F. ‘S. Harris'* i in Utah; W. L. Powers" in | Oregon; M. R. Lewis, Am. 
Soe. C. E., and D. Bark" in Idaho; R. G. Hemphill” in Colorado; and W. | 
Snelson'* in Alberta, Canada) that have been directed toward use | of water. 
These experiments have shown definite relations between production and appli- 
cation of water under farm conditions and have contributed much to irrigation 
practice. Generally, they have not attempted to measure deep percolation 
losses and surface wastes, and so have fallen short of determining consumptive 
Project Studies—In some cases, studies of project areas, such as those by 
W.G. Steward a and D.J. J. Pauli? and L. Crandall,?? M. Am. Soe. C. E., in Idaho, 
met the re requirements for. determination of valley ‘consumptive. use in 
d method. — bb general, such studies do not account for uses of water outside the the 
“irrigated “or cropped area, and the entire use is charged against ‘such area. a 
4 The increasing necessity | for conservation of water resources requires that use 
— of water by nonproductive areas be considered i in relation to ne iin, 7 
and in the future most studies must be made valley wide. _ 
ua alley Studies—Many studies of valley consumptive use have been made 
a using inflow-outflow | methods and the data submitted | as testimony in w water- 
right adjudications and interstate suits. Among these may be mentioned the 
following: Sevier V alley, Utah”; - Cache la Poudre ‘Valley, Colorado!’; Cache 
la Poudre and South h Platte valleys, Colorado, and Little Laramie Valley, 


Wyoming”: 23 Arkansas Valley, Colorado™ ; San Luis Vv alley, —Colorado**; 


Plot and Farm Experiments. —A large number of plot experiments are con- 


aa 


Bu 11‘*The Production of Dry Matter with Different Quantities of Irrigation Water,” by J. A. Widtsoe, 


ulletin No. 116, Utah Agri. Experiment Station, 1912. 
12**The Yield of Crops with Different Quantities of w ater,” by J. A. Widtsoe, Bulletin No. 117, loc. cit. 
_ = ‘*The Duty of Water in Cache Valley, Utah,” by F. S. Harris, Bulletin No. 173, loc. cit., 1920. ee 


14 *‘Trrigation and Soil Moisture Investigations in Western Oregon,” by W. L. Powers, Bulletin No. 140, 
Oregon Agri. Experiment Station, 1914. 


= __ 18**Experiments on the Proper Time and Amount of Irrigation, Twin Falls Experiment Station, 1914, 
1915, and 1916,” by M. R. Lewis (U. S. Dept. of Agriculture cooperating with Twin — ; County Com- 
missioners, Twin Falls Canal Co., and Twin Falls Commercial Club, 1919). 4 ‘phn ee 


___ _16**Experiments on the Economical Use of Irrigation Water in Idaho,” by D>. Bark, Bulletin No. 339, 
U. 8. Dept. of Agriculture, April 21, 1916. 
eee “Irrigation i in Northern Colorado,” by s- G. Hemphill, Bulletin No. 1026, U.S. Dept. of Agriculture, | 

 “Tevteation Practice and Water a for Crops in Alberta,” by W. H. Snelson, Irrigation © 
“Serie, Bulletin No. 6, Dept. of the Interior, Canada, 1922. 

19 **Report on Drainage Investigations of Pioneer and Nampa-Meridian Districts i in Boise Valley for 

the PAB. 1916 and 1917,” by W. G. Steward and D. J. Paul, Bureau of Reclamation, 1919 (unpublished). 
_ 20**Report of Use of Water on Twin Falls North Side Project, 1918,’’ by L. Crandall (unpublished). 


** Hearing of the e Colorado ‘River Commission, Salt Lake e City, Uteh, J. Ulrich, Mar arch 27 


and 28, 1922. 


ach 
22: Various investigations, mostly by | R. ‘Made, M. Cc. E. in 
7 4 South Platte Valley were based on data published in Colorado Agricultural Experiment Station Bulletin 


= 


4 


23‘*Return Flow Water from Irrigation I Ye 
River Basin Investigations—Consumptive Use of ‘River Waters, 
‘ say by C. L. Patterson, Colorado Water Conservation Board, 1940 Gn course of preparation) ; see also 
Reports, 1922-1925, state engineer of Colorado (unpublished). 


598° Papers 4? 
Cs 
Ua 
a 
inv 
= of 
Soe 
mil 
dee 
| tio: 
tov 
du 
me 
on 
of 
th 
eve 
we 
fron 
= 
Pro 
bee 
by] 
Blar 
ar 
in 
Drainage Measurements, 1930, , 1932," by R. J. Tipton and Francis C. Hart, Assoc. Members, AM. Nati 
— 


cr 


$7 


» 4 


OF WATER 


Truckee River, Nevada”; Owens alley, California?’?; San Gabriel Vv alley, 

Columbia River and its tributaries, _Washington- Oregon”?; 
“Rio Grande in Colorado, New and Texas. ° The results from some of 
- these studies have been used in this paper. ‘2 Others were either incomplete or 


olve with an water and SO have been excluded. 


INFLUENCE oF METEOROLOGICAL FACTORS 
Although small-scale experiments using tanks, potometer rs, ete, for deter- 
mining consumptive use are of questionable value in some cases, "they have 
. been of great value in pointing out the importance of transpiration and evapora-— 
- tion as the chief processes in consumptive use and the influence on these 
phenomena of meteorological factors. Considerable research has been directed 
toward the determination of of both transpiration and evaporation. 
The potometer experiments on transpiration of plants of various kinds co con- 
‘ducted by Messrs. ‘Briggs a and Shantz st are among the most extensive " 
- their kind . They indicate a very close correlation between transpiration and 
meteorological phenomena, including evaporation from water surfaces, air 
temperatures, solar radiation, and wet-bulb depression readings. " _ Experiments — 
on sorghum, wheat, oats, rye, alfalfa, and pigw eed, w hich | cover a wide range | 
of rates of w ater use, all how similar changes in houtly rate of use throughout 
- the daily cycle. a Experiments on the rate of transpiration of tules at the — 
Prado Station in California® show similar hourly « cycles for transpiration, 


evaporation, and temperature, , of air and of water. 


pm The he latter experiments show ed that 93. 3ST of the total daily transpiration . 


- occurred between 9 a.m. and 9 p.m. | Observations of ground-water levels in 
an alfalfa field in the Escalante Valley, Utah,* showed a distinct lowering of 
the water table during daylight hours and a recharge a at night. z Similar results| 
were obtained®® for native vegetation | in the Middle Rio Grande ande Valley. Ex-_ 


_ = ‘Irrigation Studies on the Truckee River, Nevada,” by S. T. Ss. T. . Harding, M. Am. Soc. Cc E.—data — 
testimony in Truckee River Adjudication, 1918. riw 
“The Determination of Safe Yield of Underground Reserves « of the Closed-Basin Type pe,’ ’ by 
Charles H. Lee, M. Am. Soe. C. E., Transactions, Am. Soc. C. E., Vol. LX XVIII (1915), p. 148; also, 
loc. cit., Vol. 94 (1930), pp. 1382-1397. 


7, October 23, 1916, pp. 155-212. 


4 ‘Healy ete on Chas Days as Determined by Cyclic Env ironmental Factor" 
w L. J. Briggs and H. L. Shantz, Journal of Agricultural Research, Vol. 5, January 3, 1916, p. Giz. 


Method of Estimating Gueund Water Supplies on by Plants and 
from Soil,” by W. N. White, Water Supply Paper No. 659-A, U.S. Geological Survey, 1932, pp. 87 and 88. : 


8 % “Regional Planning—Part Vi, The Rio Grande Joint Investigation in the Upper Rio Grande —_ 
i Colorado, New Mexico, and Texas, 1936-1937, Pt. 1I—Ground Water Resources,’ ” by C. V. Theis 
National Resources Committee, 1938, Pp. 272-277, 
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periments on ev aporation®* at Fort Colo., showed that two thirds of 
_ the daily evaporation occurs during daylight hours. Obviously, solar radiation 
“4 


or some secondary phenomenon connected with sunlight is an important factor 


-ments showed a marked decrease in transpiration on cloudy days om that on 
Briggs and Shantz experiments over long-time periods show varie 
- tion in rates from day to day as affected by changes in solar radiation and tem- 
peratures. — A comparison of daily changes in solar radiation and ‘temperatures 
: indicates that the former is a function of the altitude of the sun and thus varies 

— with the seasons, w hereas the latter (temperature), which is dependent upon 

absorption of heat by | air and earth, and the circulation of the air, , lags behind 
; the seasons. Although solar radiation gives | one of the best correlations: with 
transpiration and ‘evaporation, growing-season temperatures. more e nearly p 


allel the cycle of plant growth. th. Fi ig. 1 shows clearly the relation of iiiniee. 


Above 32° Fahrenheit = 
7) 605 
a 

0.40 40S 
(3 0.30 30 
if 
0.20 —— 20 ¢ 

IN 

0.10H— 10% 


Jan. | Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. 
Fic. 1.—Comparison or Monraty D1sTRIBUTIONS OF Consumprive Use AND MEAN 


use to the monthly me mean of maximum daily temperatures. above 32° F for 
the Mesilla Valley in New Mexico, one of the few areas for which monthly 


= as being more representative of of daylight ho hours when most of the the transpirs- 


‘ment as related to o plant development. In w inter, perennial plants are ‘prac. 
_ tically dormant and annual plants are entirely so. As spring advances, annual 


their water requirements increase, and reach a a& maximum soon n after maximull 
temperatures pass the peak of the season. ard In the fall, water requirements 

drop rapidly « as the function of the plant i is transferred from growth to processes 


- Bulletin No. 271, U. 8. ‘Dept. of of Agriculture, December, — PP. 23-26. 


in both transpiration and evaporation. . In fact, the Escalante Valley experi- jf 


values of consumptive use are available. Maximum daily temperatures 


_ Consumptive | use (see Fig. 1) is relatively | lower with respect to temperature 
in w ‘inter than in summer and has a different distribution in the spring than in 
the fall. These variations are produced by differences in plant water require: 


- crops are seeded and all plants i increase in size. , . As their leaf area enlarges, 


_ 6 *Eyaporation from Free Water Surfaces,” by C. Rohwer, Assoc. M, Am. Soc. C. E., Techniedl 
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compensating underground inflow and outflow. here ground-water storage 
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of ripening and reproductive development; ~~ growth practically ceases — 

harvest or with 1 the onset of sub-growing temperatures. _ The pronounced lag. 


in consumptive use noted in May is due in part to the cutting of alfalfa and 
the harvest of winter crops and in part to the preparation of seedbeds for plant-— 
ing cotton and other summer crops . In the Mesilla Valley 91% of ame, 


consumptive use and 85% of annual ev yaporation occur during the tl month | 


growing season, March to October, 
i Hedke Method of Estimating Consumptive Use. —The method of cotignntiog 


consumptive use derived d by C. R. Hedke,®” M. Am. Soe. C.. E, is based on the 


principle that seach crop requires a definite quantity of heat show e its germinat- 
ing temperature to bring it to maturity, and that moisture and plant food are | 


=, in proportion | to the heat utilized. — Basing his study « on _the — 


April, 1941 


ye of grow od and he , weighted each crop total al by the area devoted to that, 
crop. The w weighted average consumptive | use of heat per cropped a acre was. 
then plotted against consumptive use of water in acre- -feet per cropped acre 
to obtain a correlation curve. In determining c consumptive | use of w ater, 50% 
of the annual precipitation wane added to the measured stream depletion. * The 
ultimate object of the method was apparently a guide for estimating stream 
depletion in other valleys, and it was assumed that effective moisture not 
- obtained from precipitation must be supplied from stream flow. Mr. Hedke > 
assumed that precipitation, falling on the soil surface, ev aporates twice as 
rapidly as s normal s soil | moisture drawn from depth. He did not allow for varia-_ 
tions in -ground- -water storage in computing - consumptive | use, and he charged 
the total valley use to the ‘cropped | area W eee regard to relative uses by 


The ute, of Mr. Hedke, is on correlating con- 
sumptive use of water to effective heat during the growing season; but in details 
it departs w videly from the Hedke method. Of necessity the study has been 
confined to a rather limited number of areas for which essential data are e avail- 
able. These data have been utilized in accordance w a of procedure 
found by trial to give the most | satisfactory results. 


Measurement of | Water. —On each area used i ins in the 


precipitation, . The confined to areas belioved to have or 


# Was considered to be fairly stable from year to year, no correction for changes 


—insuch storage was deemed necessary, aS any error due to this factor is prac- 
tically eliminated from the mean consumptive use over a period | of ‘several 
‘Years. . Precipitation was was ‘computed | by weighting the recorded quantity cat 


i *““Consumptive Use of Water by Crops,” by C. R. Hedke, New Mexico State Engrs. Office, July, 1924 
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growing season, was used as a basis of study i in 
of seasonal changes in water table and ‘soil moisture, which are affected by the 


surplus or r deficiency in . precipitation “compared with ‘consumptive | use. For 


the sake of uniformity, the calendar year was used for all areas, although it is 
perhaps less satisfactory on some areas than some other operating year for 


securing accurate measurements b ecause of unfavorable distribution of pre- 


_ cipitation, snow storage, high stream discharge, or ground-water changes. As 
— these fac factors vary with the locality, no one period would be satisfactory for 
Correction for Years of Short Water Supply. —In most of the areas studied, 
shortages of water supply occurred i in one or more years of the period of record. 
Omitting the records of the dry ye years in arriving at mean values for each area 

introduces errors in those cases where no records" of ground-water storage are 

available because it is usually. withdrawn i in dry 3 years, through consumptive 
eet: drainage into streams, a and is replaced i in wet years. When dry 
years: are omitted, ground-water recharge enters into the mean as consumptive 
‘It was believed preferable, therefore, to include all years of record in the 
- mean and to add a correction factor to the water supplies in low years sufficient 
_ to make them adequate. Fr rom an inspection of the records of inflow and con- 
5 _ sumptive use in dry years, it appears that consumptive use deviates from the 
mean much less, relatively, than does total inflow. In: the humid regions the 


lessened rainfall is more fully used because the soil capacity of the root zone is 

a . overtaxed less frequently w with reduced escape of water to the under lying wa vater 

table. Runoff i is also relatively less. In the irrigated areas, the same results 

- are achieved by reduced irrigation applications and reduction in surface waste. 
— _ Withdrawals from ground water both for plant life and through natural drain- 

a. age a are important ir in 1 such years. In succeeding wet years there is a recharge 


an estimate was made of the area, within the limits defined by points of mea- 
sured inflow and outflow, cons 

cropped area or land representative | of prevailing conditions in the valley. 
In irrigated valleys, areas consuming and contributing 


‘swamp land water a higher rate than ‘cultivated land and in 

natural vegetation adjacent to irrigated areas — consuming less water than 

cultivated land. Although these corrections are a matter of judgment, the 

_ het effect is small, since the cropped la land i in most agricultural valleys amounts 

to 85% or more e of the gross area. 


Correction for ‘ariations 1 Irrigated Area.—In irrigated the acreage 


| they 1 may y be neglected i in ‘computing consumptive v use; >; but, if economic ae 


a "tions cause major changes, the variations in area should be considered. Sine 
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1933 the program of the Agricultural Adjustment Administration. (AAA) ) in 
many . localities has effected reductions in the area devoted to certain staple e 
crops and has freed the land for other uses. In some cases land has been re- 
moved from ‘cultivation a and has received 1 little or no regular irrigation. Where 
the cropped area ina given valley has been reduced during the period of study, 
consumptive values in the affected years have been computed on an 


equiv alent area, resulting from a deduction of one half the area Koco 
out of udiivation that year, on the theory that a 

evaporation would still occur. This is equivalent to fixing ‘the « consumptive 

use on the fallow land at one half that on cropped land. mee a) _ 

 _ Effective Heat —As used in this paper, the term ‘ “effective heat” is the 
in day- degrees, of maximum daily above 32° F 
during t the growing season. — 7 his measure of heat was decided upon after 
“comparative studies had mT made using mean daily, a as well as maximum, 
temperatures with bases both above and below 32°. - The choice of the maxi- 

mum temperature is in line with | experiments s showing that transpiration and 
evaporation take » place almost entirely during the daylight hours, when tem- 

peratures are normally higher than at night. Although evaporation of moisture 
“from soil and other surfaces continues at a low rate during the winter, transpira- 
“tion is almost entirely confined to the growing season. ~ During the winter 
Peosienge maximum temperatures ar are frequently considerably above the freezing : 
‘point even when minimum temperatures prevent plant growth. Because of of 
‘this break in the relation of con consumptive e use to heat, a much better correlation oe 
is obtained between annual ¢ consumptive use and i accumulated growing-season 
heat units than 1 with total annual heat units. 
Length of Growing Season —The growing season is frequently considered 
the time between killing frosts. For annual crops the growing season is 
necessarily shorter than the frost-free period, in order to permit planting in the 
‘Spring after danger of frosts is past and to permit maturing and possibly 
harv esting before the first serious frost in the fall. 7 For most perennial « crops, — 
growth Starts as soon as the maximum m temperature 1 rises far above the freeing 


point for or any ex extended period of days and continues in “spite of later freezes 
. throughout: the season—and sometimes for ‘many w weeks after the first so-called 
killing fr ost. = the spring, and to a less extent in the fall, ¢ daily minimum — 
temper atures may fluctuate 1° or 2° above and below 32° for several days before 
remaining above or below that point, even though the temperature for most 
of the day is quite warm and the hardier crops are able to grow unharmed by i 
few hours of subfreezing temperature. — In, fact, many hardy crops, and —— 


a 


tially grasses, . mature although temperatures drop below freezing at frequent 
intervals throughout the summer. 


by obtaining moving averages, ‘equivalent to applying 


the expression, ——— to the e 


‘ecutive daily minimum temperatures rn in the expression by letters) : = 
“and -— the result to the middle day of of the series to ‘o maintain _ 
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phase. b he ends of the growing season are thus defined by the dates between 


which the smoothed temperatures remain above 32° 


Anas 
The w work of the Bureau of Reclamation is concerned primarily with the 
th pape, w where agricultural ¢ development t is dependent upon irrigation. In 
this paper, available studies on consumptive use were utilized. Some of them 
_ were on Bureau of Reclamation projects, constructed or under investigation; 
others w ere studies by va various agencies in connection with local and interstate 
litigation. _ Many other areas were examined but discarded for lack of adequate 
Ab Asa sina on the validity of the conclusions reached for irrigated areas, 
the study was extended to a number of valleys in the humid regions of the 
United States and to one mountain basin in Colorado, w here an essentially. 
_ adequate water supply is obtained from precipitation. In these cases the entire 
watersheds are included in the study : areas, and consumptive use is is ‘computed 


deducting outflow from precipitation. Consumptive _use in thi these humid 
valleys was found to vary with effective heat of the growing season in exactly No. 
= 
and number of years of Fig. 2 shows 
x: 
} 
333 
20 
(b) MESILLA | 
VALLEY 
~ Effective Heat, in Thousand Day-Degrees Fahrenheit 
2 RELATION 0 or CoNnsUMPTIVE UsE T TO Errecrive He. Heat IDENTIFIED IN 
use on each area for the period of ' study, plotted against the corresponding : 
‘ 
average effective heat. A brief description of each area, with annual data on aT 
consumptive use, , effective heat, and source of basic information, is given I! 19 


aay included i in the s study represent practically the entire range of 


Ps growing conditions and types of agriculture found in the United States. Cli- | - 
‘matic conditions range f from arid to humid and frigid to subtropical, 
grow ing g seasons ra range from a few days to the entire year, latitudes range from — wh 

near the northern to the southern boundaries of the nation, “and altitudes 

ae . from near sea level to over 10,000 ft; crop diversification varies from the moun-— “ 

to ] 


standing the wide differences i in crops, the relation between consumptive use 


tain meadow hay and alpine forests to cotton and citrus fruits. Re 
7 _and effective heat is maintained close y. _ 
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Appendix) } a area, in cord, tive in day- 


in years | far | degrees 
is 


oming 
Michigan and Illinois . Colorado” 
West Tule Lake California 5 6,300 
Shoshone Project... . Wyoming & 41,900 
North Platte.......... | Wyoming- -Nebraska : 462,000 
Mason Creek and Boise| Idaho 13,570 
Mesilla New Mexico-Texas 300 109,000 


wo 


who 


Ne 


Se SB 


om 


Black River Wisconsin _ 494, 000 
Mad River Ohio 307,000 
Skunk River Iowa 1,850,000 
Sangamon River 1,640,0 000 
North Fork of White 


ao 


wow 


| 


Missouri 755, 000 

Green River .....| Kentucky = 5,000,000 

Tallapoosa River Alabama- Georgia — 7 1,060,000 

East Fork of Trinity | | 

press Creek 545,000 
san Jacinto River..... Texas 1,159,000 


ANNUAL VARIATIONS IN ConsUMPTIVE Use 


- ‘The plotted points « of Fig. 2(a) show only a small deviation from the curve. 7 
r When individual years instead of means are plotted, ‘a rather» wide variation — 
isnoted. As an example, Fig. 2(b) shows the relation of of consumptive use to 
-tfleetive heat for the Mesilla Valley, New Mexico, for the. period of study 1927 
to 1937. ‘Measurements on this valley are probably mo more complete than o on 


other areas studied, and yet deviations from the mean consumptiv euseamount _ 
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- to as much as 18. 7% and deviations from the mean effective heat to 6.4% for 


individual years; “whieh 
Variations from the mean may arise from many causes, among ° which are: str 
eo) Inaccurate records of discharge; (2) inaccurate estimates of ground-water will i 
‘storage changes; (3) inadequate precipitation and temperature records; (4) 
differences in occurrence: and intensity of precipitation, , and variability of 
‘temperatures, wind, hail, cloudiness, humidity, ete.; (5) i inaccuracy in estimat- 
ing the area equivalent in rate of use to the cropped area; and (6) changes ii in 
crop distribution, , damage by plant diseases, insects, animals, and w eeds. §§ when 
In many valleys where the stream flow is quite large as compared with I waste 
depletion Ww ithin the > valley, small percentages of error in s stream inereé 
lent 
Corrections for surface storage can be made accurately where reservoir- J decre 
capacity data and storage records are available but, because of the hetero inhib 
geneous nature of most valley fills, it is difficult to evaluate ground-water @ irriga 


‘storage changes. ater-level measurements from only a few wells may be 


in depth ‘nko storage changes § gives a rough estimate at heat and | may not 
"reflect actual conditions, especially where changes i in water-table levels are not J of th 


uniform throughout the valley. chans 
Inadequate coverage by precipitation stations may result i in wide discrep- 

ancies where rainfall distribution tends to “‘spottiness.’ as Even with adequate 
‘coverage, variations still will ‘prevail where there are marked differences i * 
seasonal distribution. _ For the same annual precipitation, soil-surface evapora 
tion | will be much greater in a year - when there are numerous light showers 
« than when there are only a few heavy rains which penetrate deeply and also 
produce considerable surface runoff. The distribution between ‘summer and 


winter, also affects consumptive use, as evaporation is higher in ‘summer - 


Temperatures do not usually vary greatly over over a valley si i and for that 
=—_ inadequate coverage by recording s stations is not likely t to be an impor- 

tant source of error in estimating effective heat. 5 Differences in temperature 

- from year to year will normally cause corresponding differences in consumptive 
use; but changes in consumptive use may vary widely from the relation ex- 
hibited by valley means (see Fig. 2(a)) because of changes in temperature dis- 
tribution and plant efficiency. Abnormally low temperatures may retard plant 


~ 
4 


or unusually high temperatures may cause plants ‘become 
dormant. latter effect i is is especially in the ca case of southert 


when the water supply is adequate. " Consumptive use may vary widely in 
mpera aust the 
years of equal accumulated temperatures because of deviations from 

“normal ‘seasonal distribution, as transpiration is i influenced by ’ the areé area of leaf 
surface and plant functional requirement (both related to stage of maturity), 
as well as by temperature. The effect of increased wind movement is nor- 
= di- 

mally’ to increase evaporation; and the effect of increased humidity y and clou 
pe crops and thus reduce, materially, thei 
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. 

_ The annual consumptive use varies with type of management and land use, 
which are influenced by economic factors. These factors may change crop 


distribution and methods of irrigation. Thus, a change from grain to alfalfa 
ier will increase transpiration. Consumptive use e by native vegetation on non- 
(4) cropped areas may be expected to remain more or less constant from year to 
of year where the water r supply i is adequate, but surface evaporation will i increase 
at in wet years because of the i increase in area of w rater surface and moist soil. | 
in In irrigated valleys there is u usually a a lavish application of irrigation water 
a when the s supply is abundant; and there i is a | consequently larger amount of 
ith [| waste and return flow ‘available for nonproduetive consumption, as well as san 
ea- J increased soil evaporation on on the cropped lands. For these reasons the equiva- 
se. i lent valley area is seldom a constant; actually, it i increases in wet years and — 
ir- decreases in dry years. Plant diseases and pests reduce consumptive use 
ro- M inhibiting plant grow th. The spread of noxious weeds may reduce the area 


ter [ irrigated if crops cannot be grown in infested areas. Indirect results of infesta- 
be tion appear I in changes i in crops. 


not use studies continued over a series of years may be expected to eliminate most. _y 


not of the i inaccuracies in measurements and smooth out short- time trends due to. 

_ changes in 1 crop dis distribution and other factors. 


in An essential feature the water-supply_ investigation of an irrigation 
ra- J project, whether it is an undeveloped tract needing a full supply or a developed 
es project, needing supplemental water, is the determination of its water require- 
Iso | ment. ‘Annual consumptive use is a convenient approach in in this determination. 
ind [From the relation developed in this paper it is possible to omen e consumptive © 
ran use from. temperature data, w hich are usually available. The « crop irrigation — 
ull requirement may then be estimated by deducting from consumptive | use _— 


hat [ part of the annual p precipitation that it is estimated will be consumed. — The 


re farm \ delivery ‘Tequirement th then may be estimated | by adding to the crop | invign- 7 
ure tion requirement an allowance for deep percolation and ‘surface waste incident - 
ive to application of water to the land, consistent with anticipated irrigation — 

ex practice under local conditions. — The diversion requirement then may —_ 
dis- estimated by providing for canal and lateral operation waste ‘and losses in 
ant transit from stream or reserv oir to the farm. 7 In case the project is to be devoted — 
me chiefly to a single crop, differing materially in its water requirements from “ie ; 
ern “average requirements common to the temperature ca conditions of the project, : 
ven ‘the consumptive use estimated from the relation curve may be corrected as 
yin required - Although the determination of the project- -diversion requirement 
* eaves much to judgment : after the | proper - consumptive use has been adopted, _ 
leal 


a mass of experimental data on the e other f factors is available to guide oe 


ty), ‘vestigating engineer in his determinations. 
—_— 
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Fork V alley, W V yoming. —The valley is in the upper River Basin land 
above Pineda le, Wyo., , at an elev ation of about 7,400. It has a gross area The: 


7 of 25, 400 acres, of which 16,650 a acres in meadow hay and ‘oe are irrigated. of th 
A part of the remainder is i in sagebrush and a part in 1 willows and seeped alkali alkali area 
land. The e equivalent area is s estimated at 25,000 acres. _ The climate is severe winc 


in winter. Summer temperatures ‘reach 90°, but frosts frequently occur at abo 
night i in every month. "Precipitation ounnane 10.2 in., of which 4.3 in. fall in inig 
months of May to August. Irrigation by wild is practiced, and ‘prac 
; 7 the area a always has adequate water. 5 _Consumptive- -use studies were made by ager 
the Bureau of Reclamation in 1939 (Table 2 , No. (1)) and include inflow and [J No. 
* outflow measurements and precipitation. ~ Ground- water storage, as indicated 
by test wells, did not show a any change for the > year, and g ground- smalee mee rement 
is believed to be small. . Because of the prevalence of summer frosts, the effec- 
tive growing season is doubtless longer for the type e of crop grown than that 
Michigan and Illinois: Rivers, North Park, Color -ado. study area In- 
es the narrow 1 valley ‘of the’ Michigan River between the Haworth School 
and Cowdrey an and the tributary valley of the Illinois River below Rand, in 
a North Park, near © alden, Colo. . Grass a and hay, covering 35,250 acres, § are 
= the only crops. Red remainder of the area is in willows a and w vater surface. 


The area is estimated at 000 a acres. The average elev: ation is 
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a «109° with a May-to-September average of 53°. The frost-free period 1s about con 

—— 60 days. Annual precipitation averages 10 in., about one half falling during - 4 

1 oe the growing season. The meadows are irrigated by flooding until hay 1s cut, ido 
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= IN WYOMING AND -CoLorapo* 


by 


: Precipitation averages about 8.5 in., most of which o occurs in the fall and winter. 


April, +1941 


— 


and the supply obtained from the Michigan and Illinois rivers is adequate. 
Data (Table 2 , No. (2)) “were supplied by the Colorado Water Conservation __ 
Board. W inter runoff not covered by records was: estimated. Ground- -water 

storage as ‘shown by well measurements ¥ was ‘essentially the same each year 


with no movement into, or out of, the basin. 


TABLE. 2.—ConsumptTiIvE ‘Summary, ((1) TO (4)) 


New (2) Mrcmoan J AND San Luis (4) West TULE 
vu | a 


1933 


1935 | 440 
.900 
890 

1938 :200 
1939 


= 
oe 
5 
g 
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Southwest Area, San Luis —The area includes the valley 
lands tributary to the Rio Grande on the west, amounting to 400 ,000 acres. 
The topography i is comparativ vely flat—about 7 750 ft in elevation. About 56% - 
of the ar area is farmed, principally to hay, grain, and potatoes. — a9 The > equivalent 
area is estimated at 390,000 acres. Ss The climate is moderately wa warm, dry, and 
windy during the short, summers, and cold in winter. — _ Precipitation averages 
about 7 or 8 in. per yr, about 65% of it in the growing season. — Water - 


inrigation is supplied from the Rio Grande and its tributaries.  Sabtadagtion’ is 


practiced widely. Consumptive use has been determined by a number of © 
agencies from. inflow -outflow measurements, but the present study (Table 2, 
No. (3)) includes only the 1936 determination by the Bureau of Agricultural 7 


Engineering as a part of the Rio Grande Joint Investigation.° ae Caan 


West Tule Lake, K lamath Project, California. —The area includes land under 
‘the J-1 lateral of the Tule Lake Division of the Klamath Federal Reclamation 7 
Project lyi ing within the dikes west of Lost River. The mean elevation is about 

4 150 ft. The effective area is estimated at 6, 300 acres, of which 5,700 acres 
have irrigated in recent years. The soil is a sandy lake-bed and 
“drains well. Alfalfa, cereals, and potatoes are the principal crops. -Tempera-— 


tures vary from sub- zero ‘to 100°. ‘The | growing season is about 140 days. 


_Inigation i is ‘necessary for agriculture, and an 1 adequate supply i is obtained from 
- the Lost and Klamath rivers. — Inflow is measured in the supply lateral and 
outflow at drainage pumps. Ground- water storage is maintained nearly 


constant by well- regulated drains; and, because of the small differential between — 


_ 8“Jackson County Investigations—Special Studies on Consumptive Use,”’ by C. L. Patterson, Colo- 


nado Water Conservation Board, 1940 (in course of 
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Lost River and drains, little ‘underground ‘flow i is believed probable. ‘Data 
lot 2, No. ». (4)) were furnished by the Klamath Project office and from m the 

report by J. R. Iakisch Assoc. M. Am. Soe. C. E. 
4 Garland Division, Shoshone Project, W: yoming. —The area consists 3 of 48, 400 
_ acres of fairly level bench land, 4,200 to 4,600 ft in elevation, lying north of the 
"Shoshone River near Powell, Wyo. Although only 30,000 acres were irrig ated 
at the time. of the study, 41 ,900 acres are irrigable and estimated to consume 
‘woler equivalent to the rate on cropped land. Soils vary from sand to clay. 
About 50% of the cropped area was in alfalfa, the remainder being mainly grain, 
sugar beets, and potatoes. — Inflow i is supplied by the Garland Canal and some 
tom vent: outflow is measured in the Frannie Canal, Bitter Creek, , and river. 
drains, —C omplete records of inflow and 0 outflow are not available in any one 
year, but the missing data (storm inflow, and drains to river and Bitter Creek) 
have been estimated from measurements av ailable in other years. 


"percolation losses are believ red negligible. — The ws water supply was av verage in 


two years, abundant in ‘one, and deficient in one. Data in Table 3, No. (5 4 


supplied by the Bureau of Reclamation office and rom reports 


3.—CoNnsUMPTIVE Use Summary, VALLEYS , AND (10) 


by H. H. Johnson 


wens 


1.05° 3,990. 
-30 3,920 
4,200 
3,600 
3,710 
3,930 
4,410 
4,060 
3,910. 
= 
4,520 
3,960 


=~ 


ROR 
OR 


_ < e@U= consumptive use, in ft; Up = computed consumptive use; Ur = corrected consumptive use; 
and H = effective heat, in degree-days (F). & Dry year corrected by a quantity considered adequate to to 
insure normal use. Non- irrigable watersheds; Nos. (5) and (7) are 


North Platte V and Nebraska.— he nny area | a includes the 


valley between 


an area estimated at 462, 000. ‘which the th Platte 
Federal Reclamation Project and private lands. The bottom soils are | black 
loam, the terrace soils sandy loam. There is a considerable area of river bed, 


: 8 ‘*Report on Pumping from Tule Lake and Wild Life Refuge Development,” by J. R. akisch and 
others, Bureau of Reclamation Project Investigations Report No. 5, April, 1938. 
40“*Consumptive Use of Water, Garland Division of Project,” by H. H. H. Johnson, 

for ons 1923-1926, Bureau of Reclamation (unpublished). 
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reservoir surface, and seeped bottom land. Part of the area once ce seeped —— 
been drained. T he underlying Brule ity precludes —_ ‘percolation, and = 


stations. T he area is in eal: crops with alfalfa, sugar beets, and cereals 

prevailing. ‘Temperatures vary from sub-zero to more than 100°. _ The 
growing season is about 165 days. 7 Precipitation averages about 17 in., of 
| Which 75% falls in the growing season. _ Additional water is supplied by i ‘ovina 
‘tion from the North Platte Riv er and from reservoir storage. _ The supply has 


TABLE 4.—Consumptive Use Summary, Vauueys (6), (8), (9), AND (16)* 


Year 


3.36 | 3.36 | 12,370 
81 | 2.81 | 11,840 
2.96 | 2.96 | 12,630 
1931 | 1.58 | 1.718 | 8230] 3.13 | 3.13 | 12,670 
| 2.31 2.98 | 2.98 | 11,750 
1933 (1.93 93 | 8,9: ‘43¢ | 12,570 
13,230 

12,240 

11,860 

12,940 

11,310 


| (6) Nortu PLATTE (8) UNCOMPAHGRE | (16) Green River? 


: 


Orn 


24 | 9,200 


*U= consumptive use, in ft; Up= consumptive use; Ur 


H = effective heat, in degree-days (F). © Dry year corrected by a quantity considered adequate to insure © 
normal consumptive use. ¢ Years of reduced acreage, Ur based on equivalent area less one half of reduction 


in'area. Non-irrigable watershed; Nos. (6), ®) are irrigable. 


= corrected consumptive use; and 


been adequate except in years such as 1931 and 1934. Records of inflow and 


outflow (Table 4, No. (6)) were corrected for changes i in surface. storage, but 
no correction | for ground storage was considered 1 necessary. Records \ were 
obtained from the North Platte Project Office. 
Mason Creek Area—Boise Project, Idaho —The at ea includes 13, 570 acres 
of the Pioneer Irrigation District i in n the Boise Project of the Bureau within: 
the Mason Creek drainage unit 
devation i is about 2 500 ft and the topography fairly flat. Tt is is all ‘irrigated 
except for right « of v ways ; and farmsteads. _ At the time of the study it was more 
than 50% i in alfalfa and clover hay, and the remainder was largely grain. An 
‘Adequate water r supply i is furnished through the Phyllis Canal from Boise ion 
and. Arrowrock Reservoir. _ Precipitation | amounts to about 10 in. per yr, 
little of it o occurring in the e growi ring season. Outflow is measured in the various 
"drains and by observing the ground-water changes in 55 wells. _ There 
apparently little difference in ground-water inflow and outflow as the area is. 
uniformly well-drained irrigated land (see Table 3, No. (7)).” 
_ Uncompahgre Valley, Colorado.—The valley is at the foot of the San as 
Mountains i in the Gunnison Basin and includes Montrose and Delta, Colo., 
40 average elevation o of about 5, 500° ft. Most of the area is in the Tatler 
pahgre Federal Reclamation Project. . It has a gross. area of 169, 000 acres, 
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which 86,500 acres are e irrigated and cropped to alfalfa, cereals, sugar beets, [§ 1930: 
and onions. . The soil is heavy, much of it has been seeped, ‘and a part is made 
-_ affected by alkali. From a field study of the non-cropped land, the area main 


<n) in rate of use of water to the cropped land is estimated at 137,700 J use i 


acres. Temperatures Tange trom to 102° with an average during the gove! 
growing season of about 67°. . The. growing season is about 145 days. The j crops 


average annual precipitation is 9 in., of which about one half falls in the grow- i 1935, 

ing season. Abundant water for irrigation is obtained from the Uncompahgre  2cres 

and Gunnison rivers and the Taylor Park Reservoir. Ground- -water inflow const 


and outflow are believed to be small. Corrections were made for ground-water Bless i 
storage _ change effected by drainage operations. — _ Data were ‘secured in a co- valle 
operative study by the Bureau of ‘een and Colorado Water C Water atta a- fe inld 
Board (see Table. 4, No. were 

Mesilla Valley, New —The Mesilla Valley is one of then many prod 


“a ralleys of the Rio . Grande. | dit extends from Fort Seldon, New ew Mexico, 
almost. to El Paso, Tex., and ‘comprises the Leasburg (N. Mex.) and Mesilla 
divisions ¢ of the Rio Ceande Federal Reclamation Project. 7 The valley bottom 
is flat and varies in elevation from 3,700 to 8, 900 ft. 7 of the | gross area of 
109,000 acres, about 7 7,000 acres are cropped, principally to cotton and alfalfa, 
13,000 acres are in native v vegetation, and the remainder in miscellaneous uses. 


; Studies by the U U.S. Bureau of f Agricultural E ngineering" i in 1936 indicate the 


consumptive use use . by the non- -cropped land to be e essentially at the same rate 
8s by the cropped lar land except i in n the he case of areas » temporarily out of eultiva- 


‘i tion, which vary from y year to year. rp. An equivalent area of 109,000 acres has ‘Tepo 

4 7 been used except for the years noted in in Table 4, No. (9). _ Temperatures range port 
— —8° to 106° with an annual mean of about 60°. Annual precipitation is at 
about 8 in., two thirds falling in the 240-day growing season. Irrigation w ater 1987 
is supplied from the Rio Grande with storage in Elephant Butte and Caballo S. 
reservoirs. The data in Table 4, No. (9), were supplied by the Rio Grande shed 

_ Project Office, and for the ‘years 1927 to 1936 were included, in uncorrected fron 
form, in the study by ‘Mr. -Debler.*t | The e ffect of annual differences in the typi 

- factors affecting consumptive use of v water is well illustrated by the annual: Its 

variations in consumptive use in the Mesilla Valley. of 2 

‘At Agricultural College, Mex., precipitation in 19 1931 was the highest of bees 

- the 3 years of study ‘and consumptive use of water second highest. In 1935 | no | 

4 precipitation was second highest in total, , but approximately one half of the for 
total fell i in one day and consumptive use was below the average of the period. : Bur 

In 1928, the of consumptive inmany 

pris 

Ter 

Bes 

“may account for a part of the low er use in ‘alas, with inal and other orto a 

an 


_ Land use is one of the most important factors causing variation in con-— 


umptive 1 use. The ‘cotton acreage in the Mesilla Valley declined between 


41 ‘*Valley Consumptive Use,”’ by E. B. Debler, Transactions, Am. Geophysical Union, Pt. II, National 
Research Council, 1937, Washington, | D. » Pp. 532-536. 
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1930 ont 1935 and has increased since | that seater 
made in general crops or in the fallow acreage. ‘The alfalfa acreage has ~ 
. mained practically constant for 1 many years. The effect of differences i in land 
10 ‘use is most apparent in 1933, 1934, and 1935 (Table . 4, No. (9)), when the 
16 government cotton- reduction program retired large areas not used for other 
e & crops. ‘The « difference of 0.73 ft in consumptive use for the years 1928 and 
- 1935, years of nearly equal effective heat, is largely due to a reduction of 13,882_ - 


re eres in ‘irrigated a area. It is possible, too, that water-surface evaporation ond 7 

w “consumption by native vegetation growing along the Rio Grande was much > i 
er fm less in 1935 than in 1928 as the runoff of the river at Leasburg, head of the 
» valley, was only (69% as great as in 1928. The reduction in consumptive use @g 
a- fe in 1933 as compared with 1931 is explained in part by the fact that 6, 870 acres: 

] “were J plowed under in 1933 and no other use made of the land that year. : -Non- 

Ly productive uses of water in these two years were probably about the same. | 

low consumptive use in 1937 cannot be explained by any one e of the 
la factors mentioned. Unusually favorable « circumstances must have prevailed 
m in that y year to. account for the high crop yields and | low consumptive use 0 


a, [= The corrected | use data in Table 4, No. (9), have been corrected to a full- ; 
5, area basis by reducing the equivalent area by 50% of the area _ temporarily out: 


of cultiv ation. This is based on an estimated consumptive use, by the land 


that is temporarily uncropped, of 50% of the cropped land. . In 1927 develop- 
ment was incomplete; i in 1933, 6,870 acres of cotton were plowed under but 
reported i in crop; in 1934, 9,220 pene cotton land were fallow” but not re- 
ported; and, in other years, the corrected full irrigation development was set 


at 76,900 ac acres, which is the mean for the period 1928 to 1934, and the year 

Wagon Ww heel Gap Area, Colorado. —The area consists ofa a 222-acre water- 

shed tributary to Rio Grande at Wagon Wheel Gap, Colo. Elevations range © 


from 9, ,400 to 11,300 ft. The area is forested with Douglas fir and other grow th 
typical of the central Rocky Mountains, but includes no agricultural land. 


& 


al 4 Bm its water r supply i is limited to precipitation, which varies little from the average 

| : of 21 in. per yr. Runoff, and hence consumptive use, varies from year to year 

of because of differences i in 1 intensity and occurrence of precipitation. _ There are | 
35 no known seepage losses from the area. The data in Table 3, No. (10), 
“a for watershed “A,” used in the experiments of the Forest Service and W eather 7 
d. Bureau described by C. G. Bates and A. J. Henry. 

y ; Black River, Wisconsin. —The drainage basin above Neillsville, Wis., com- — 
-— - prises 770 sq miles of gently rolling land, 62% of which is cropped, 30% pas- a 
tured, and the remainder Ww ooded. The average elevation is about 1 ,200 ft. 
D- ‘Temperatures vary from —40° to 101°, although summer r temperatures are e 


lormally moderate. The gr growing. season is 164 days. Annual precipitation 


| 
wm | 


averages only 31 in. but as a large percentage occurs in the growing season, 
7 : and as winter precipitation is held in snow storage ‘until s spring, agriculture i is” 
n- successfully practiced without irrigation. During the period of runoff records, 
a ~_* ‘Forest at and Streamflow Experiment at Wagon Wheel Gap, Colorado,” by C. G. Bates and A. J. 


Henry, Monthly Weather Review, Supplement No. 7 eee and Supplement No. 30 (1928). 
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in only one year. Consumptive use (Table 5, 
No. (10) was obtained by deducting runoff from precipitation on the entire 
watershed. 

River, Ohio.—The watershed above Springfield, Ohio, COVEFS an area 
7 “of. 480 sq miles of ‘flat t to rolling land with an average elevation of 1,100 ft lying 
about half ws ay between the Ohio River and Lake Erie. About 33% of the 


_ area is cropped, 38% is pastured, and the remainder is woodland. oe 


- “TABLE VALLEYS (11), (12), (13), (14), (17); 
ACK RIVER Map RIVER River SANGAMON RIVER River 
4 Up| Ur | H | Up| Ur| H | Up| Ur| H | Up| Ur] H 
....|....| 2...) .... | | 2.53 | 2.53 | 9,560] 2.80 | 2.80 10,900 
1923 | 2-26] 2.26] 8930/2.80/ 2.80] 9550)....|....| 
1924 | 1.77 | 1.77 | 6,590| 1.75 | 1.75 | 8,370| 2.05 | 2.05 | 9,130] 2.29| 2.29 | 9,380) 2.72 | 2.72 | 12,150 
1925 | 2.09 | 2.09 | 6,380) 2.27 | 2.27 | 9,130) 2.32 | 2.32 9.490 2.09 | 2.09 | 10,020] 2.51 | 2.51 | 13,040 
1926 | 1.93 | 1.93 | 7,020| 2.65 | 2.65 | 8,520| 2.10] 2.10 | 8,750| 2.53 | 2.53 | 9,740] 3.10 | 3.10 | 11,590 
1927 | 1.76 | 1.76 | 6,860] 1.99 | 1.99 | 8,830] 1.99| 1.99 | 9,340] 3.01 | 3.01 | 9,020] 2.66 | 2.66 | 12/800 
1928 | 1.60 | 1.60 | 6,400| 1.77 | 1.77 | 8,470|2.55| 2.55 | 8,800] 2.42| 2.42| 9,150] 3.04 | 3.04 | 11,010 
1929 | 1.60 | 1.60 | 7,020) 2.15 | 2.15 | 8,720| 1.91| 1.91 | 9,240] 2.17| 2.17 | 10,360| 2.91 | 2.91 | 11,820 
1930 | 1.94 | 1.94 | 7,090] 1.50 | 1.79%] 8,680| 1.86 | 1.86 | 9,100| 1.69 | 2.19%] 10,100] 2.38 | 2.38 | 11.230 
1931 | 2.04 | 2.04 | 7,110| 2.43 | 2.43 | 9,630] 2.84 | 2.84 | 9,830] 2.70| 2.70 | 11,410] 2.35 | 2.35 | 11,810 
1932 | 1.70| 1.70 | 6,870} 2.29 | 2.29 | 8,760| 2.43 | 2.43 | 8,910] 2.52 | 2.52 | 10,540] 3.59 | 3.59 | 11,500 
1933 | 1.39 | 1.80| 7,770| 1.71 | 1.83%] 8,990] 1.66 | 2.04%] 9,530] 2.11 | 2.11 | 10,850] 1.90 | 2.25%) 11,420 
1934 | 2.27 | 2.27 | 7,970] 1.61 | 2.28%] 9,090| 2.05 | 2.05 | 10,240] 2.52 | 2.52 | 10,900] 2.91 | 2.91 | 11,860 
- 1935 | 1.94 | 1.94 | 6,060} 2.77 | 2.77 | 7,510) 2.71 | 2.71 | 8,770) 2.44 | 2.44 | 10,540] 2.90 | 2.90 | 12,910 
1936 | 1.40 | 1.68%) 7,220] 1.92 | 1.92 | 9,110} 1.86 | 2.124 9,870] 2.19 | 2.19 | 10,500) 2.38 | 2.38 | 11,510 
Mean | 1.80 | 1.85 | 6,950) 2.06 9,340) 2.39 | 2.43 | 10,270} 2.72 | 2.75 


U = = Consumptive use, in Up = = use; We = use; 


and H = effective heat, in degree-days (F). & Dry year corrected by a quantity considered adequate to 
insure normal consumptive use. ¢ Non- irrigable: watersheds; Nos. and (7) al are 


meet 
‘Temperature ‘extremes vary from — 34° to 108°. 7 grow ing season is 
six _ Precipitation averages 38 in. per yr, of which about 21 in. occur 
in the gow ing season. This is adequate in all except a few short years for 
production. -Consumptive use (Table 5, No. (12)) wa 

ducting runoff from precipitation on the w atershed. 
Skunk River, I owa —The (drainage area above -Coppock, is about 


prairie land, lying east of Des “Moines. The average ‘elevation 
- is about ™ ft. Crop land occupies ¢ 687% of the area, pasture 26%, and wood- 
land 6%. . Temperatures vary between extremes of “30° and 110°, a and rela- 
tive humidity i is high. The growing season is about. 205 days. Precipitation 
averages 32 in. per yr but has dropped as low as 18 in. 2 N early two thirds of 
the - annual precipitation f falls in the spring : and summer r months, and the supply. 
is ordinarily enough to mature crops. In a few recent years the supply has” 
been inadequate. _Consumptive use (Table 5, Ne. w ras obtained by 
deducting runoff from the precipitation fa falling on the entire watershed. 
Sangamon River, Illinois. —The area co comprises 2 ,560 s sq q miles of Sangamon 
River watershed above Springfield, Ill. It has | an average elevation of 700 ft. 


topography i is gently ‘rolling; 78% of the watershed is ; cropped, 
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be pastured, and the remainder is W ooded. Temperatures vary from 24° to 

al | 107°, and the relative humidity i is high. The growing s¢ season is about 220 : 
_ days. Precipitation averages 36 in. per yr and is favorably distributed for 

crop use. A full water supply is obtained in nearly every year. Consumptive 

ng use (Table 5, No. (14)) was obtained by deducting runoff from precipitation 


he ‘over ihe watershed for the period 1921 to 1936. 
| = N orth F ork of White River, Missouri —The w atershed above r ecumseh 4 
1) Mo., comprises 1,180 sq miles of rough foothill country, , with an av erage -eleva- — 
tion of 1,200. ft, lying along the southern 1 edge of the Ozark Plateau. There i is 
. ‘alarger: percentage e of woodland than in any other area studied except the smal] | 
i Wagon: Wheel Gap are area. Only about 25% of the area is cropped and 28% 
VER _pastured Extremes o of temperature vary from to 106°. The growing 
“season. is about eight months. Precipitation, w hich furnishes the sole water 
_ && supply, averages 42 in., of which 26 in. occurs during the spring and summer. 

The amount of "precipitation fluctuates considerably but. is seldom short. 
Consumptive use (Table 6, No. (15)) was computed for years of recorded runoff 


by deducting runoff from precipitation on the entire watershed. 


6.—C oxsumprive Use SE, VALLEYS (15), (18), (19), AND (20); 


River 4 TRINITY -RIvER CYPRESS CREEK San JACINTO River 


2.78 | 10,630] 2.00 | 2.65% 

; 1925 | 2.63 | 2.63 | 11,180] 1.87 | 2.720 3. 
ie 1926 | 2.43 | 2.43 | 10,880] 3.60 | 3.60 3. 
| 3.33 | 3.33 | 11,520] 3.18 | 3.18 
_. HH 1928 | 2.22 | 2.22 | 10,440] 2.66 | 2.66 2. 
st 19299 | 2.45 | 2.45 | 11,150| 2.46 | 2.46 
1980 | 2.46 | 2.46 | 10,950] 2.36 | 2.86% 2. 
1 is 1931 | 2.54 | 2.54 | 12,020] 2.33 | 2.90% 

m 1932 | 2.54 | 2.54 | 11,490} 2.81 | 2.81 2. 

cur 1983 | 2.43 | 2.43 | 11,700] 2.52 | 2.85% 2. 
2.23 | 2.23 | 12,350] 2.23 | 2.79% 

or 1935 | 3.04 | 3.04 | 11,210] 3.04 | 3.04 3. 
de- | 2.04 | 2.635 | 11,160} 1.94 | 2.708 
1987 | 2.35 | 2.35 | 10,970] 2.33 | 2.33 
- Mean | 2.53 | 2.58 | 11,260 | 2.52 | 2.82 | 14,460] 2.83 | 3.02 | 14,500] 3.06 | 3.19 | 16,710. 
Ou 
ing — @U = Consumptive use, in ft; Up = computed consumptive use; Ur = corrected consumptive use; 
x and H = effective heat, in degree- days (F). * Dry year corrected by a quantity considered ed adequate t to- 

0d- 

4 Green River, Kentucky .—The watershed above Livermore, Ky., has an area 
- of 7,800 s sq 1 miles, | covering a lar rge part of Kentucky and part a Tennessee, 
and j is the largest area studied. The topography is ‘rolling, ‘With ana average 

if devation ¢ of 600 ft. ~ About 40% of the area is crop yped, about the same er- 
has 70 


centage i is pastured, and the remainder i is wo ooded. _ Temperatures vary widely a 
between winter and summer. The growing season is about eight months. - 


ste precipitation av a about 45 in., of w hich more than one half occurs 


820 
230 
‘910 q 
‘510 
900 
‘ 
oft | 
‘although occasional shortages occur. Consumptive use (Table 4, No. (16)) 


USE OF WATER Paper: 


= obtained by deducting runoff at Livermore . from precipitation over the 


= watershed in the period of runoff record, 1931 to 1936. Poe a 7 


7 _ Tallapoosa River, A labama-Georgia.—The Tallapoosa River above Wadley, 
ts drains an area of 1 ,660 sq miles ranging from an elevation of 1,200 ft at 
the southern end of the Blue Ridge Mountains i in Georgia - to 200 ‘ft on the 

~ coastal plain « of the Gulf of Mexico. — 3 he area is only 42 % cropped, with 15% 
in pasture, the remainder being woodland. _ Temperatures have an extreme 

- range of —8° to 103' ° but are normally seoderste due to the proximity of ‘the 

Gulf. ‘The area is occasionally subjected to severe storms. The average 


annual is about 52 & eC considerable part of which occurs i 


the stream | gage near 3 in his aren of Texas in the blackland 
prairie region, one of the richest agricultural sections of the state. The topog- 


raphy is seseeariited flat, ranging i in elevation from 400 to 800 ft. Of the total 


area, 75% is in crops, 16% is in pasture, and 9% is w oodland. — The distance 
os the Gulf of Mexico is sufficient 80 that temperature var iations are wide. 
The gr rowing season is from April to October. Preciy yitation furnishes the 
I J 


entire water supply | but i in many years is inadequate. it av yerages 21. 6 in. in” 


the spring and summer months. Runoff” is flashy” and dependent on storm 


rainfall. _Consumptive use (T able 6, No. (18)) was determined by deducting 


‘runoff from } precipitation on the entire w watershed. 


Cypress Creek, Texas.— —The drainage area, containing 848 sq miles upstream 
Sal the gaging station at Jefferson, is in eastern Texas. The elevation ranges 
= m 200 to 400 ft and the topography i is gently rolling. The area was once 
heavily timbered but is now (1941) about 50% ‘eropped and 20% pasture. 
Soils vary to tight clay. wide variety of « crops, much 


The g growing season is shout 280 days. Precipitation, the sole of 


supply, averages 43.9 ‘in. per yr, of which h about 10% occurs: in the growing 


season and, except in dry” years, is adequate for crop production. Relative 


humidity is high. Consumptive use (Table 6, No. (19)) was determined by J 
“deducting runoff from on entire watershed. 

San 

area of 1,811 sq miles, varying ng from 50 to. 400 {ti in elevation, o1 on the coastal 

7 plain of the | Gulf of Mexico a few m miles north of Houston, Tex. 7 Of the total 

area, 29% is — forest, 38% prairie, and 33% e1 cultivated. Th ‘he climate is 


“mild and humid. ‘The precipitation i is adequate for crop requirements i in most 

years, but is fagenly so intense that high runoff and shortages of moisture 
occur. Consumptive use (Table 6, No. was estimated as the difference 

between precipitation and measured outflow. Ground-water * move ement out 

of the basin was considered 


Jacinto River, T n Jacinto River V alley is a flat s sandy § 
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‘TUNNEL | CONSTRUCTION SIXTH AVENUE 


SUBWAY, NEW YORK, N. Y, 
By JACOB FELD, 1M. AM. Soc. E. 


“As p: part of the c contract to construct | Section 10 of the Sixth Avenue e Subway, 


between 40th and 47th ‘streets, in New Y ork City, one double- track, a and two 


single- track, tunnels were driven for three blocks under a busy city street, 
under the foundations of an operating elevated railroad, v very ry close to » buildings: 
varying from two to sixteen stories i in height, through a a variety of rock forma- _ ; 


tions, and with ‘seant cover. This, paper describes how the work 1 was s planned 


‘and organized to provide efficient and continuous progress, how: it was asexecuted, = 


and at what cost; ; and it describes the type a and adaptability of the equipment 


for saf ety. 


used, The major factor in the execution of this s work wa was the necessity 


GENERAL DESCRIPTION OF THE CoNnTRACT 


- The contract included the construction of a four-track subway for a distance | 
of 1 800 ft in | Sixth Avenue, which i is 100 ft wide, and crossed seven intersecting , 
streets. oo The southerly part of the work, including a a station, was built _ 
open cut. The northerly end of the e contract, about 260 ft long, was 
built: in open cut. Between these two areas the four tracks were built in 
tunnel without disturbing the street surface. The work was done under a 
unit Price contract, the tunnel work being included in the total contract items. 
As far as plant and equipment w were concerned, the construction of the tunnels 
was merely part of the total contract, except as certain special equipment was 
found n necessary for the tunnel ‘ution, “(see Fig. 1). The contract plans 
and specifications were prepared by the Board of Transportation of the City 
of New “York. contract was awarded on February 6, 1936, and 


tunnel work described herein was executed from June, 1937, to April, 1938. — 


GENERAL PLAN AND SPECIFICATIONS 
The plan of the east half consisted of a double-track tunnel running in 7 oe 


straight line under the easterly half of Sixth Avenue, from a point 50 ft south 


___ Nore.—Written comments are invited for immediate publication; to insure publication the last dis- 
“ussion should be submitted by August 15,1941. vip 
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of 46th Street for a distance of 720 720 ft. At approximately "the : iti of thi 
length there is a ventilating and emergency exit shaft serving both of these 
7 — and runr running to the street surface. At two other points, in 44th Street 
and in 45th Street, the easterly tunnel is widened out out to provide : space for a 


Street Surface Fan Chamber | 
Emergency Exif S= Shaft 


West Fan | Chamber and Emongoncy Exit RR. Column 
Duct Manhole 


Horizontal Scale (Feet) 
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cable- duct, manhole connected to the street surface y with a cable- pull pipe | 10 in 
in diameter. | Starting at the 46th Street end, the third track from the east is. 
in a single-track tunnel that dips: sharply downward to the west emergency 
exit shaft. (see Fig. 1) and a sump to which the , drainage o of all the tunnels is 
connected, and then is carried upward at the same grade, making a total 
distance of 814 ft, » emerging into an ‘open-cut a1 area ‘south of 43d Street at the 
1a hange the track 

from the third to the fourth lane. South of 45th Street, at, about 
its lowest point, this tunnel connects to a ventilation and e emergency exit shaft 

’ carried to the street surface. From the > southerly face of this shaft the fourth 
- tunnel starts near the west building line of Sixth Avenue directly 0 over the third 

tunnel and crosses from the fourth to the third lane, entering: the open- 
area at 43d Street . The double-track tunnel required an excavation approxi- 
18 ft high 32 ft wide. _ Each of the track tunnels 


us b 


r tunneling 

e to the local conditions, and must not cause any injury to the founds- 

sang walls, or other parts of adjacent buildings, structures, or surfaces, such 
methods to be subject to the approval of the ‘engineers before \ work was begun. 
Such methods were to be changed from time to time as local conditions required, 


but at no time was the he approval « of the engineers to relieve the contractor of 
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his responsibility er the proper execution on of eee work. . The contractor had - 
the option to design and submit for approval any method of temporary _ 
bering for the support of the rock before the concrete lining was placed. — z 


‘local rock conditions made it devipeeoned the engineer had the right to Pies 


Payment Line For Tunnel 
Excavation and Concrete 


— Net Line of of Structure 


a Safety Niches 
15'0" on Ce Centers 


Concrete to act Fill — Concrete 
Sound Rock seats Sound Rock 


—Two 15"Channels @ 40 Lb 


8" H @ 67 Lb 5'0" on Centers 
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210M 
7'0"x3'0" Open, 

0" on Center 
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he to Sound Rock ~ 


were to be lined with concrete as shown i in Fig. 2, 
‘such to > include no ‘reinforcing or structural steel. -double-track 
tunnel was also. lined. The two arches met in an umbrella section, in which a 
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series s of bents was concreted, consisting of double. channels. ee on two 
columns. - The center wall bet between the two tunnels in which these bents are 
-conereted has a a series cross-connecting spaced 15 it apart. ih 


side, spaced 15 it apart. Ono one e wall of the double- track ‘tunnel, and On one 
wall of one ‘single-track tunnel, | a line of clay cable ducts" was to be built, 
4 consisting of thirty individual 3.5-in. ducts connecting the manholes. _ On the 
other wall of the double tunnel, and in the other ; single tunnel, a raised w walkwa ay 
; was: to be built at the level of the subw ay car platfor ms for emergency and 

= "patrol use use. 7 _ The invert of all tunnels is 12 in., ., with ¢: cast iron drain pipes laid 


"The contract ‘provided that the surface of the concrete lining was to be 
smooth and of a ty: pe known as “finished surface. ” The contractor had the 
_ option to use § steel forms so as to eliminate the need for rubbing the concrete. 
 Ceeat holes were left in the concrete lining for filling any spaces left between 
_ the rock and the concrete. ' The installation of track, cables, and other oper- 
> ating equipment was not part of this contract. wy 


Bornes anp GEOLOGY OF SUBSURFACE 
Prior to beginning the work, the city | had several sets of borings made in 


the area un under which the tend was to go, , and reports c of these were furnished 

;. 4 to the contractors. Four of the borings were driven almost 200 ft below the 
- street surface, chiefly to check what leakage could be expected from the 
= Aqueduct approximately that distance below Sixth h Avenue. — These 
borings were one in each block (260 ft apart) and showed a great variety of 

- tock recoveries, the samples removed ranging from 1% to a maximum of 93% ‘ 
.& the boring depth. In addition, there were seven other borings: taken to 


rock surface with a 10- ft core into the rock, ‘and the recoveries varied from 
1.4 to 7.7 ft of that distance, ss 


i In addition to the borings several maps were also available showing the 
accumulation of previous information, none of which, show ever, indicated the 
complexity of rock formations actually encountered or instance, a field 


report of J of June, 1937, described 


=. * rock in both tunnels of great variety, from soft, disintegrated 
schist to an extremely hard igneous syenite with seams of —" which 
Seams 
are generally almost vertical, slight tip | to the “W est and running aimost 
to South slightly to East.” 0” 
In general, the basic rock v was schist, bat i in the volume occupied | by the 
he there were a great number of intrusions in the | form of bands running 
southward about 20° to the east and almost vertical, sometimes tipped 5 5 pl 
20° to the west. At the north end of the tunnels a band of very hard syenite 


- with quartzite intrusions was found crossing g the double tunnel. In the v = 
of (45th Street a very hard syenite crossed all, tunnels 
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soft that it could be broken easily by | hand, I, and, i in in the terms of ‘the blasters, 
“was | “dead. aa South of this point there ‘was more mica schist, which a again 
‘changed to “disintegrated syenite a few feet in in thickness, in contact with 
several layers of chlorite and serpentine, interspaced with disintegrated syenite. > 
These latter layers \ were encountered at the extreme south « end of the double 
tunnel, , affecting the westerly part only, and. crossed the south end of the 
Washington ‘Heights | southbound single tunnel near its southerly end, and 7 

also crossed the Queens southbound tunnel about 300 ft from its southerly end. 
Keeping in mind that these layers were encountered practically on edge an d 

running diagonally across the face of the headings, the complexity of the 


drilling and blasting operations can be pictured sea Practically | no water 
encountered at at any ‘point. 


‘SURFACE AND SUBSURFACE CONDITIONS 


The ‘street , width is 100 ft, , and buildings occupy every a y available dayesedeed 
ground the full length of the tunnels. These buildings vary from altered 
-four- storied brownstone residences with stores on the ground | floor, built about 
1880, to modern, fireproof, seventeen-story office buildings. In the middle of 
te street there: was a two-track elevated railw way, supported on wrought-i iron 
columns spaced on 43-ft centers longitudinally, with two columns 23 ft | apart 
in each bent. Train operation of this railway was Col continuous, with the 
average headwa ay ‘about 5 min each w way. a he columns rested on brick piers, 
some of which were carried to rock, and others were in the nature of spread 


‘footings several feet above rock elevation. 


Prior to the beginning ¢ of any construction, a careful examination was made 
- of each building « on Sixth Avenue, ‘and also the buildings within a distance of 
100 ft east and west of Sixth Avenue. a hese examinations were made by © 7 
“representatives of the Transportation and the contractor, and usually 
the owner of each building. 
“Ration, and the report w as ae by all those present. Where unusual 
unditions * were found, ‘the contractor also took photographs for his records. — 
At the completion of the work these buildings were again examined to deter- os 


‘mine whether any ny changes had occurred. 
To avert t breakage of windows as far as possible, , a wire cable and | timber - 
_trussing w were placed over each window with either dimension greater than 6 ft. 
“This i included all of the show windows. — _ These “‘spiders” were kept i in repair 


- during the entire operation, and not one of the show windows along the line — 


Tn: the avenue itself, below the s surface, there was an old brick se sewer in the 
- enter about 14 ft down, built in 1890, or before, in -arock trench. At higher 
_devels. there were two cast iron water mains, one 20 in. and one 12 in. » With 

in, lines ¢ crossing the avenue at each street. Two ‘steel gas mains | were 


te. in the avenue under the subway contract, prior | to any tunnel 


work, to — a Paap variety y of old cast- iron gas 1 mains that we were found. 
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also two banks of clay ducts containing low-tension and high- tension power thre 
cables, » one at each curb, with sub-| -branches and service line lines. “per 
surface equipment also existed in each of the cross streets. insu 
- _ Approximately 200 ft below the street surface there is s a concrete-lined J (wit 


7 aqueduct tunnel of 15 ft inside. diameter, bringing water under. pressure into 
the city. | The fear that subway construction would affect this tunnel delayed 
the construction of the Sixth Avenue Subw ay link until such time as the second 


aqueduct tunnel was completed in 1934. fear was unfounded, as proved 
by the record that ni no serious leakage w as encountered at at any point along _ 


Sixth Avenue Subwa: ay y construction. 
RELATION oF TUNNELS TO AINDER OF CONTRACT 


_- The open-cut work was the most impor tant part of the contract, and ‘the: 


: —- of shafts for tunnel work was controlled by p points fixed i in the contract. 


‘ment ‘used it in 1 the tunnel work, was in the layout for the entire contract 
.. (see Fig. 3). As far as the tunnel excavation was concerned, all material was 
= 7; remov ed in cars on industrial track to a shaft at the southwest corner of 
_ 46th Street, which was located at the west building line about 60 ft north of 
_ the portals of three of the tunnels and about 200 ft north of the fourth Portal. 
The subgrade elevation of the track a adjacent to the s malt we was 10 ft higher than 


cars to the shaft at tunnel grade. 7 In the shaft a steel tower was is conateasel ; 


to accommodate a 6-cu-yd s steel skip. _ By bridging th the crosscut, cars could be 
dumped into the skip ¢ at two different levels 10 ft apart, the lower level taking 
care of the three tunnels, and the upper level taking care of most of the open-cut_ 


7 crosscut at the elevation of the lower tunnels w as excavated to permit beinaiie: ; 


and the fourth tunnel . The skip was operated by a hoist located above 46th 
Street on a steel and timber framework, the drum thereby being spaced 50 ft" 
from the guide sheave so as to permit a reasonable fleet angle of the hoist |: 
cable as it ran on the drum. The guide sheave was pinned for rotation about “ : 
or - Adjacent to the shaft, there was a compressor house and transformer v ault, 
from which compressed air and electricity were supplied for the entire contract. | 
_ Equipment for the © compressor house consisted of three, , two-stage ‘electrically 4 
en air , each rated capacity of 1,320 cu at 120- lb nd 
4 


“fal 


uke the compressor room, Ww was truck elevation above street. surface. 
All water for ‘cooling was taken from city mains and was metered. — During 7 an 


tunnel operation, and also including supply for the open- cut work, power 


month ran 130, 000 to 190, 000 kw-hr. 
tion for compressors, for we wet drilling, and for all other uses, averaged ; i. 
The ‘cost of air at the ne compressor plant, as determined Wi 
during which time the plant 1 ‘was operated on 
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er three shifts with an average production of 1,800 cu ft per - min), was $0. 0865 
b- per 1,000 cu ft. _ This cost includes the following, per shift: labor, $13. 30; 


¥ insurance, $2.66; power, $52.00; water, $8.50; and miscellaneous, $1.42—a stad 


od (without plant construction or equipment costs) of $77. 88. : 
to Dynamite for the entire contract. was stored in two separate magazines, 
ed # one at 41st Street and the other near the compressor plant. The 41st Street 
id magazine had a maximum capacity. of 100 lb and the 46th Street m magazine ‘of 
ed He 250 Ib. _ Practically all of the d dynamite for th the tunnels came from the 46th 
he Street: 1 magazine, with the exception that some e of the night. shifts would draw ; 
on the other magazine for completing a round. _ Delivery of dy namite co could 7 
: be made only during daylight hours , and to some extent the blasting | was 
controlled by the quantity that could be stored at the end of each day (approxi-— ; 


mately 4:30 p.m. during t the winter months) for use until 8:00 a.m. the next 
day. - At each magazine, a dynamite watchman was assigned on each shift, 
snd his duties were to mark each stick of dynamite with the license number 
of the m magazine, keep a Tecord of the withdrawals requested by each blaster, 7 


New York for the daily” check on the use and purchase of dynamite. . the 
tunnel work, all dynamite was 40% gelatin. Most of the e blasting in the 


al. was by delayed- action blasting caps. 


The blacksmith h shop for the tunnel operation was in the open- -cut already 7 
excavated to su subgrade beneath the s street decking, : a short distance north 
of the tunnel portals. T The e blacksmith shop was connected to all of the tunnels: 


by industrial track. 


All drill steel for the tunnels was 1}-in. ‘hollow steel, purchased directly 
from the mill in full random lengths. ’ Typical gage diameters for the bits" 
(standard four edge) were 1j in. for drill steel 12 ft long, increasing 4 in. for 
each 2 -ft reduction in tod length. All steel was sharpened, shaped, — and 
shanked at the blacksmith ‘shop, using two complete sharpening units with» 


‘cil-fired furnaces. Two of these units were operated on one shift, with = 


one unit on each of the other two o shifts. This continuous use required relining 
of the furnaces twice during the entire contract. — This excellent service wes 7 
due 1 mostly to the use of a special firebrick and During the 
last six months of 1937 the drill-sharpening cost per cubic yard of rock was as: 


follows: labor, $0. 313; insurance, $0. 04; fuel, etc., $0.038; and water, $0.006— 
4 total cost per cubic yard of $0.40 (plus equipment costs). The average © 


“steel required from the blacksmith was 3.64 pieces per cubic yard of rock, — 
“aking an average total cost of 11 cents per drill sharpened. A blacksmith — 
“Unit, consisting of three men, produced 350 pieces of drill steel, sharpened, per 
‘hit. The extra. gang of men on one shift took care of preparing new steel | 


and reshanking | old steel as required. 


RATES, AND ORGANIZATION IN THE FIELD 
U 


ader the: terms of the contract, labor requirements, work assignment, and — 
the Tates were fixed by the State Labor Law. Under such 
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A > In n addition, except t in cases of « emergency, n no ‘Sunday work was. was permitted by 
city ordinances. 
; _The job was organized on a a three-shift basis, with eight hours in each shift, 
a straight basis for 
eight hours each s shift. ‘The including the six shifts 
a week, and the other men were rotated so that no man worked more than five 
days in one week. The exception to this rule was the “graveyard” shift, 
a which omitted the shift starting midnight Sunday and only worked five dan 
a week. T _ Tunneling operation was continuous, therefore, from 8:00 am. | 
Monday mor ‘morning until: midnight Saturday. _Howev “was poured 
only during the day shift, except that a part of the day shift was called at 
6:00 a.m. to prepare the forma, and in . cases of necessity ‘the 4:00-0’clock ; shift 
would complete the concreting at the expense of their regular work, 
The tunnel operation was considered a part of the entire contract, and 
“under the supervision of the superintendent and master mechanic. However, 
three j junior civil engineers were assigned to tunnel work only, one for each 
shift, in addition to the office’ work and planning, which were done by ‘the 
staff for the entire contract. 
a Labor r rates were fixed in the contract, and they held for the duration 7 
w work under an n agreement with the union organizations. Practically no 


labor. ‘difficulty was as encountered during» the entire tunnel operation. 
labor were as | follows: 


Operating $1.6 65 


trades were used as drillers and drill helpers, 
timbermen who did the ‘underpinning and shoring, ‘and timbermen helpers. 
By special arrangement, mucking operators | were paid $1. 25, the operating 
7 engineman classification ‘only applying t to men on the hoists and on a large 
concrete pump. T The operator of the small concrete pump was an apprentice 


-engineman, as were also burners, welders, pipemen, and other mechanics, # 


under their own 


| 
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7 

4 Blacksmiths.......... 1.40 gine- 
— 
— 
— 7 
blaster; the timbermen and helpers foremen. q 
<a q _ foremen were responsible to two shift bosses, each covering twelve hours, who ‘ 
turn were directly under the superintendent. All the mechanical men 
i . under the master mechanic, who assigned the work and was responsible for § 
performance of the equipment as well as the operators. 
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SEQUENCE OF OPERAT 


‘The ge general sequence of operations, as and as 
was s to start excavation of the Queens southbound single tunnel and the center to 
cut of the double tunnel at the same time at the | north end, and proceed south. J (F 


The rock was shored simultaneously with the excavation during the drilling : 

“periods, except tha that, where bad rock was encountered, drilling was was 8 postponed - 


——= Small Pump : 


Fie Pounine or ARCH ConcreTE 


until the rock wa was to the face. For the single the concrete 


"operation was first to pour tl the two benches and follow w with the complete arch, Rn 
” using the benches to support the form. — Concreting the invert was postponed dl 
until the remainder of the tunnel was completed. — a 7 T 
—?- In the center cut of the double tunnel after completion « of excavation, the fo 
next step was ring drilling for the widening on each side of the center cut; - 
then followed the concreting of the center bench of the ‘ “umbrella,” ‘erecting cd 
ri the . structural steel columns, and concreting the umbrella section to the roof W 
_— ‘80 that | the side supports of the roof bracing could be eliminated. © ‘The posts fo 
of the roof bracing were then used to line the two faces of the umbre ella concrete th 
while the ‘Ting- -drilled rock on each side was shot out and removed. This 
_ operation, in ‘turn, was followed by ¢ concreting each of the benches, ‘completing Mm 
the arch, grouting, and concreting the invert. excavation progress and tu 
timing are illustrated in Fig. 4. The e corresponding concrete progress is shown 


exe Although the original plan was to place. the cut shot at the bottom of each 
a heading, it was found too difficult in n the field to drill diagonal “holes nearer 
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This i platforms at the intermediate and top levels permitted the use of the jumbo 
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15: in. n. The cu cut holes were raised about 18 in. above 
‘subgrade (see rounds C, Fig. 6). The typical hole locations were varied daily 7 
to suit rock and seam conditions in the heading, the — loading schedule 


(Fi ig. 6) being as as follows: 


Descriptive "Round Round 


Bl i 


Third delay............. AB BB 


HOLES, 2 FT APART 


90 TO 103 HOLES DOUBLE TUNNEL 


77 HOLES 


| 
A4A3 A3 A2 A2 |A2 f 
2 i 
42° 1 
f SINGLE TUNNEL CENTER DRIFT OF = ENLARGEMENT 


Toa large extent equipment ands hoe the entire contract was used in 
the tunnels, except that the muckers were purchased chiefly for tunnel operation 
but were used partly” ‘in op open- -cut work. The drill jumbo and s steel-erection 

jumbo were made especially for the tunnels; ; the ¢ concrete pumps were used 


chiefly i in the tunnels; and the | smaller unit was used in some open- -cut work. 


The cars, track, dinkeys, pumps, and other small equipment were adapted 


lor use both in the tunnels and in the open cut. a. a. 
The drillin 


rilling jumbo was fabricated at the site from drawings made to fit. 
conditions of the job. The first design called for r mounting six drills, and this 


was later changed for eight drills, seven . of which were used at all times and one 


for a standby. — In general, the idea was to have drills at three levels, dividing 
the 18 ft eee 


of total height into 0 approximately three equal sections. | Hinged side 


in the 18-ft , single- track tunnel as well as in the 14- ft ce center cut of the e double 

tunnels, To compensate for the lack of dead weight, the structure being made : 

48 light as possible for easy shifting, screw jacks were placed at the top and 

bottom 1 of the vertical columns for woiging against the roof and the floor of 

the e excavated tunnel. | The mounting was on — from small muck cars 
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7) Tunnel drilling operation was started with drills with 3-in. pistons. 
“goon as it was found that drilling time was slowing up the expected nied! 
of a round per shift, , these drills (which had been used on a previous contract) 
were replaced by drills with 3}-in. pistons. With these larger d drills a round 
was drilled out in three hours. Ww hen the drill jumbo was changed from six. 
to eight drills, the two additional drills installed were equipped with 4-in, 


aan During the tunnel construction it was found necessary, due to changes in | 


the New York City Industrial Code, to change all the drills for better dust _ 
and fogging control. This was done by installing round pistons to eliminate 
‘the air leakage into the water tube, to change the location of the exhaust port, : 
and to increase the size of the water tube. _ Ww ith these changes, fogging of the 
smaller drills S was entirely eliminated and greatly reduced i in the e larger drills, 

All the r mucking i in the tunnels was with electrically « driven ren machines, 
These machines were equipped with 50- -hp, 208-volt motors; they were designed 
for an 18-ft cleanup width, and were equipped with a hinged boom and . 
1) chain- -operated bucket at the | end of the boom, with hard steel teeth and a 
 rock- -breaker knob. Four muckers of this type were purchased and used to. 
eng extent in the open-cut excavation before tunnel work was started. They 
were equipped with a 20-in. belt running in a 24-in. beam on the flat. In the 

- first days of operation it w as found that the flanges. of the beam prev evented 
proper contact between the mucked material and the belts. The ‘upper 
flanges: of the 1 beam were et cut away | and rewelded to the web of the beam to 
poems a sloping trough. _ This correction was made on | the first two machines 
in the field and on the other tw< 0, which had not yet been shipped, in the shop. 
it was also n¢ noticed that considerable of the slip could be eliminated by a small 
stream of water running continuously down the sloping belt. Such slip | was 


caused chiefly by the large quantity of mica in the mucked rock. 
; At no time were four of the mucker units ; actually i in the tunnel, the fourth 
unit being kept as a reservoir for : spare parts. ~ In addition, quite : a large stock : 
of parts was kept i in the storeroom. _ The use > of the rock- breaker knob on the 
ter oe of the bucket was s discontinued after | a a short trial because it was 
‘between ‘mucking than to s spend 
7 cycle to break up the few large pieces 0 of rock that were too large for the beer 
‘tohandle through its throat. 
" Considerable study was given to the belts used i in the mucking machines, 
~ not only because of the high e cost of such belts, but also because of the time 
wasted when a belt broke and required ‘yeplacement. The belts originally 
; supplied by the manufacturer had been 1 developed as the result of considerable 
research in the California tunnels. _ Howe ever, the rock conditions encountered 
ee if | on this contract were much more severe, especially because of the sharp edges 
7 and large q quantity y of mica. The average life of a belt was about 2,500 cu yd 


Al track was of peiaiuait 36-in. gage, composed of 40-lb industria 
with standard switch points and frogs. . Dump ears wert were 5-cu-yd, water-level, 


: ‘steel body, side dump, with | side le top hi hinged. ; _ They were dumped into the skip 
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rench Decked For 


Double 12"x12" Posts 
‘For Decking Support 


ship 
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& Pneumatic 7 —Steel Tower 


Street Decking _ 


Cylinder 
Car 


“Double 


__Clean-Out 
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(a) PLAN OF DISPOSAL TRACKAGE 

Wi 
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“were ‘provided ‘directly over each « other, by ‘operating ‘the. pone with 
one eylinder, to which the car at either level could be attached, the 
smpting to dump two cars at one time was elin 
i 7 ~The dinkeys for pulling t the cars, the muckers bei being self- “propelling, ‘were 4 
electric- battery locomotives. of ton rated capacity, equipped with -42-plate 
batteries of the high cap type. Each dinkey | had two sets of batteries, and 
4 four ur dinkeys in all were available for the tunnel work. The batteries were 


charged with a 30- kw, 108-volt, 1 -1,750-rpm,  278- -ampere ‘generator: 
connected to phase, 60-cycle, 220-volt motor. The batteries 


wer charged at the upper level beneath the decking near the 46th. Street shaft. be 
Bd means of an overhead trolley hoist and beam track, batteries } were raised Hi tt 
from the dinkeys and placed into charging position quite efficiently. 
especially to the long Ww heelbase of the muckers, it was found necessary pre 
to use a minimum radius of 40 ft on the track and to maintain the gage of the 
_ track with ‘standard railroad track-gage- rods made over to the 36-1 -in. gage. 5 
“Wood ties were used, spaced about 30 in. on centers; 3; usually | 6-1 in. by 12-in. 
timbers were available from itien lumber, or 6-in. by 8-i in. timbers were : 
purchased specially, 


‘was used in in pouring ‘odio, ‘This adie pump. was also used on 
the umbrella and a part of the arch of the double tunnel » when the larger 
pump was being used elsewhere. is! The larger | pump was the same make as the 
‘smaller, with a 7-in. pipe. _ It was propelled by a gasoline motor but of a 
model satedating the time when integral agitators were installed. + The > smaller 


| pump gave an actual production o of from 20 to to 25 cu yd per hr, an with 


30 to 35 cu ydy per hr for the larger pump. 


Some of the smaller i items in the tunnel, such as catwalk and duet-protection 


 ineasement, were poured manually from a special car with a high box body 
vl side chute. _ However, about 98% of the concrete volumes, including the 
inverts, were placed with the pumps. 
an Miscellaneous equipment also” used included two blowers, each of 2 000- . 
4 cu-ft- -per-min capacity, inter: connected. with each other and with the ventilator 
‘pipe in each tunnel, ‘so that a maximum capacity of 4 000 ¢ cu ft for either blowing 
or sucking could be provided i in either ‘tunnel. The vent pipe was composed 
of Sin. thin-shell | ‘steel pipe’ with “dresser couplings. ' Two short. lengths of 
"flexible tubing were provided, but after a trial it was found just as: easy to 


7 remove one or two sections of the steel | pipe from the heading as to use the 


For trimming g the roof, a stoper « drill, with automatic feed, for 1- in. hexagonal 
shankless steel, was used. All other ‘drill steel was 1}-in. round. 
_ The drill-sharpening plant (which was situated just north of the e tunnels 
beneath the decking and connected by rail with all the tracks in the tunnels) 


consisted of two complete units for ‘making up and Sharpening drilling steel, 
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. at the 46th Street shaft by the use of a pneumatic cylinder 12 in. in diameter J *. 
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as W well as a small blacksmith shop. Each drill-sharpening unit. consisted of a 
drill sharpener, with clamping dies for both 1}-in. round steel and 1-in. hex- 
agonal steel. The equipment for each set comprised: A collaring device for 


. the hexagonal steel and lug shanking device for the round steel, gaging dies, _ 
ier dina, dollies for sizes from 13 in. to 3 in. inclusive, a a shank and bit punch, - 


an oil forge, and fuel-oil tank. No trouble was encountered with the operation 
= of the blacksmith and drill-sharpening 5 plants beneath the decking; the natural 


ve draft as a result of the difference in _ temperature between the street and the 
5 confined volume beneath the decking were found sufficient to take care of — 
EXCAVATION OF SINGLE-TRACK TUNNELS 
The nature of rock exposed in the open- -cut, Ww ork made it “necessary to 


‘Fig. 8). the purpose of the beam was retain any loosened rock and 


prevent  daenage 2 mead only to the street surface but to the subsurface structures, 


Fie. 8.—Ewrrance at Nortu Portat or Queens SourHBounD TUNNEL 4 

8 well as the foundations beneath the elevated columns a short distance to 

south of. the tunnel portal. ‘In the preliminary excavation, it was found 

that, because of the seamy nature of the rock, carrying the drilling holes 6 in. 


side of the net lines on all sides, including the bottom, was necessary in 

— 
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¢ OF Cor Suor on BRACING 


4 the cut holes but broke away the nearest seam (see Fig. 9). the e 
3 The general plan c of operation was to drill one round sufficiently to give track 
an advance ¢ of 6 ft and then blast anc and muck all i in one § shift. The typical cycle i tunne 
4 of operations in both the single an and double tunnels is shown in Fig. 4. It T 
be kept in mind that the blasting operation was governed by contract 
requirements that not. more than 100 Ib of dynamite could be used in any one @ tions 


round fired. As a result, it was necessary to load and shoot three times in if the 


each cycle of operations. — ~The normal procedure — was to shoot the cut by MM: fine 

itself, using one delay i in some instances; the second firing took care of the HM want 
relievers and some of the tr trimmed holes with five delays; and the final round | traci 

cleaned the entire ‘section, u using from three to five delays (see Fi ig. 6). a | june 

2 The Queens southbound single tunnel | was the first of the single tunnels Hil 5-f 
excavated. - ‘The record for August, 1937, the first full month of tunnel opera- BAM tee] 

tion, s shows 3 34 rounds $ averaging 7 7. 62 ft. "Tt was found that, with h seven | drills Hi vis iy 
operating and with a @ cross section giving 12 cu u yd | per ft of advance, an 8-ft Blin the 
advance completely filled the entire shift of seven and one-half working hi hours. ind w 

‘Tf a greater advance was drilled and shot, the entire cycle of operation was of 
interfered with. On August 4 and August 26 seams of rock were encountered bore 

in this tunnel that were so badly shattered as to require § steel bracing directly hmin 

the face before ‘drilling could continue. This was ‘necessary as a safety 
- paren not only for the men in the tunnel but to avoid failure of street aus 


surface and elevated columns above the tunnel. Jan 


ring the entire m month | of September, 1937, this tunnel was in soft and pain 
rock, the seams ¢ containing : a slippery chlorite. e. Even’ with steel framesmaad plac 


. ft on center, the pressure of the rock deformed the steel bracing. Mm" roc 


— 
— 
pet 
q 


racing: 


bed been aiid to the face at the roof and full timber lining was placed on 
both the roof and the sides. ; During the month the total progress was 170 ft, 
with the rounds averaging from 4 to 8 ft, some 0 of them being greater than the 
actual depth of holes drilled. This tunnel was holed through on October . 7 
5 ft south of the theoretical portal and and in rock so soft that the normal quan tity 


of dynamite was cut to less than one half because a large area outside of the 


cut would move and fall when the cut was shot. WwW hen shot, this material 


fell vertically, with: practically no beyond the Timits of the 


_ The Queens southbound tunnel ran parallel to a part of the. west track 
previously completed in the open cut in seamy rock. During the. open- 
work the seamy rock was doweled by drilling: across the seams and by grouting 

in 1-in. square rods approximately 4 ft long. - Some o of these rods were en- 
tountered in the tunnel excavation where breakage exceeded the drilled area 
by more than 1 ft. 2 However, no damage was noticed at any time in the 


Be. At the south end, the seams in the rock were so 


soft, and i in a number of 
instances actually open voids, that shooting was reduced to a few holes at a 


time to reduce the wild breakage. — - In this area six 6-in. H- H-beams were ¢ carried 7 
as cantilever lagging L crown bars’ ’) ‘above the steel ribs t up to the face, and 


iter the e top holes were shot the lagging was pulled ahead and blocked before 
the excavation was continued. | - During this work the advance in the single-- 


‘rack tunnel w was given precedence over advance in in the center cut of the double © 
tunnel, and no attempt at any definite cycle was s considered. ee ee oe 
In the other single tunnel (Washington Heights southbound ry although 

nuch higher v with less cover than the Queens southbound tunnel, rock condi- 
tions sat t the beginning were much better and holes were collared 3 in. ‘outside 


ithe net lines. — However, after advancing about 100 ft, the rock turned to 


 fine- -grained syenite with soft mud seams and ¢ chlorite jointing. Large. 


quantities of this material would 1 fall from m the r roof during blasting, and the 
imcing steel showed definite | signs as of rock p pressure (see Fig. 10). Where this | 
tunnel came beneath an “el’”’ column footing, steel bracing bents were placed 


centers for a distance of 25 ft in the schist ‘Tock. In the seamy rock, 
eel bents were placed 5 ft on centers continuously. Ww here the rock breakage 
Tas irregular, steel framing was altered to fit the actual breakage, especially 
athe side > adjacent to the double- -track tunnel which was already completed — 
ad which ° was only 2 ft or 3 ft away | from the actual breakage. Near » the 
4 of this tunnel the rock was so poor that n no attempt was made | to _. 


was found necessary as as intermediate ihe framing 
tuted to show a& sag. Soft ground methods could not be used for tunneling - 
the individual rocks between the joints s were hard and 

t January, 1938, the last 50 ft of progress was made in one week, and the bey 


musinder of the month was used i in rebracing to clear the concrete lines and — ; 


‘place: concrete in back | of the side-wall sheeting to prevent movement of 
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of adjacent 


yas excavated in the side of the W Heights tunnel where 


a theoretical clear distance between the tunnels was 5 ft. Because of the 


-over-breakage of the two adjacent tunnels, and the fact that concrete 


et 


— 


and was planned for 2 rounds in tw enty-four hours, the drilling and blasting 
- ows coming to the job at 8:00 a.m. and 8:00 p.m. and the mucking crews at 
rm 2:00 p.m. and 2:00 a.m. At first it was found difficult to push the drillers so 
a that blasting w was completed before the mucking crew came to the job. . How 


ever, when the drilling crew was given an assignment to to drill for a 6- ft round 


= the entire crew with the « exception of one scaler was 4s permitted to go home 
7 - after th the entire round had been shot out, the required progr ess was obtained | 
easily . As a matter of fact, it’ was determined by the blaster that the one : 


- scaler who remained for the full shift was the driller who finished last. 4 Wh hen : 


8, 1937, with shift It was the tunnel being 


. 


_ this rule was instituted, the remainder of the crew usually went home in six 


to six and a half hours. Generally, between 100 and 110 holes were drilled, 
<— - each 6.5 ft long, except the ten cut holes which were between 7 and 73 ft long. = 
me % Seven « drills were operated on 1 the jumbo, using the 4-in. drills for the cut holes. . 

and the 3.5- in. drills for the 1 remainder. The average production per twelve 


10.—Rocr B of the W ashingto e double tunnel 
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Excavation OF THE Dovere 


‘The general procedure in the double tunnels Is was to to excavate the center 
- drift for the full height, and about 14 ft wide, as a separate tunnel operation. 
Bracing: was ‘designed for future extension to incorporate the bracing of the 
- enlargements on each side. After the center tunnel excavation had been _ 
completed, the two ‘sides were ring drilled, and this was followed with il Pn 
. -creting of the center wall footing. The structural steel of the center wall was 
| then placed, and the umbrella, consisting of the center wall ar nd parts s of the 
; two roof arches, was poured as a unit, incasing the steel beams of the temporary — 
roof support. ‘The side were then made by shooting the ring 
holes previously drilled, taking each side as a separate operation. 
The center cuts of the double tunnel and the Queens southbound tunnel 
were started simultaneously from the same face in the open-cut excavation. 
- ‘During August, 1937, 36 rounds w ere taken with an average progress of 7. 34 ft — 
in fairly hard mica schist with some quartz intrusions. Near the south end 
of the tunnel the rock became quite seamy, and tunneling was ‘stopped 40 ‘ft _ 


south of the theoretical tunnel portal, although it had been planned to carry - 


Excav ATION OF THE WIDENING IN THE Dovsuz Towns 

this tunnel 80 ft into the c open-cut area not yet started south of 43d ae on 
Ring drilling was begun immediately thereafter, using the drillers who were 
working i in the Queens southbound tunnel at such times as the latter operation 
permitted. ‘Ring drilling was completed on October 16 and was followed by 

Steel erection and center working | 
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end on November 1, with a small crew, two drillers for trimming” 


on a two-shift basis until the progress eakak a “point, at which it was too 
close to the already excavated Washington Heights southbound tunnel, at 
ow hich time the east widening was continued on a one-shift basis and the west 
widening was stopped until the adjacent tunnel was concreted and grouted. — 
Progress i in the east w idening during the first month was 288 ft on a two- 
shift basis. is. During the same ; month, beginning November 15, the west, 
ap - widening was extended 210 ft on a two-shift basis with separate and distinct 
crews _ The intent was” to keep the two 


— 


As each widening progressed, the timber Placed in in the center 
were removed and used as a protection for the c concrete umbrella (see 
‘Fig. 12). It also was found that an excellent protection for the upper edge — 

1%) of the concrete umbrella from flying rock was the cushioning effect of discarded — 
son belts hung from the temporary roof steel and almost in contact — 

_ The east widening of the double tunnel was completed on December 28, 
‘progress in December being 316 ft. Until December 22 work was done on 
_ three shifts, and after that one : shift, per er day, making an an average , progress per 
eight hours» of 4.71 ft. The west widening of the double» tunnel was closed 


— 
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7 ‘on December 17 ‘with 193 ft still to g go hone of the proximity of the ac adjacent 
tunnel. In this tunnel progress of 334 ft i in December showed an average of 
7.79 ft eecthits. ‘ The 1 much better p progress on the east side si the avr 
direction of the rock seams. ee 
In both of the widening some steel bracing w: 
because of f the open seams, and such bracing was tied in'to the roof steel 
"previously concreted into the umbrella. The temporary steel bracing placed 
. ‘in the tunnels v varied d considerably, depending upon the rock conditions en-— 


‘countered. _ In some areas no steel was placed, and in others steel frames were 
placed about 2 ft apart (see Figs. 13 and 14) . Such variation corresponded to 
_ the variation i in the rock, which was from an extremely hard i igneous, syenite 
_ seams s of feldspar : and quartz to soft disintegrated schist and “chlorite 
which in some cases was so soft that the material could be dug out by hand, 
: Seams in the rock were g generally almost vertical, with a slight dip from 5 i 
to 15° to the w est, and the run of the seams was almost to south, » OF directly 


in line with tunnel progress. W orse rock conditions under the small ¢ cover 

In the s sinale tunnels: steel bracing frames. consisted of four ] pieces s of H-be 
“which were usually 12-in. column sections cut to approximate shape ners 
’ length» with clip angles attached to each end of each piece. | Connections were 
_ made by bolting the legs of the angles in contact and wedging ‘with steel w wedges 
as found necessary to take up the shape of the excavated tunnel. Typical 
- sections s of the ty pe of bracing ‘used, and ‘details, ar are shown in Fig. 15. T he 


steel bracing as W ell as temporary posts a and | lagging was placed by timbermen _ 


crews: brought into the tunnel as found n necessary (see Fig. 15). During July, 


leng th of 479 ft. 


- In February, 1938, after t the single tunnels wer were e conereted, the west widening 
of the double tunnel was completed in seventeen. days on a one-shift basis 
an average progress of 7.77 ft per day. The rock was mica schist 

open seams, and “steel bracing» “was placed every” 5 it. T he average 
production for widening of the double tunnel for both sides was 6. 50 ‘ft per 
shift, which includes progress in. 90 ft ‘of bad rock at the south end of the 

west widening, where twenty-seven shifts averaged 3.36 ft. 
a At approximately the middle of the double tunnel where the vent shaft 
and emergency exit were to be built, 30 ft of the center umbrella | arch was 
omitted and a crossover track was installed to connect the operations in the 
east and west widenings. ‘2 This crossover expedited the mucking problem w hen 


' both of the widening operations were south of this future shaft. To a 


any possible damage to buildings i in the vicinity ‘of the : shaft, the plan was not 
to break through to the street surface until all tunnel operations: were completed. — 
ey In the three manholes excavated by widening the tunnels , 10-in. ‘steel 
pipe connections were provided with the street surface to ‘act as cable feed 
“pipes for signal and other cables to be pulled i in the ducts placed along the 
east sides. | of the Washington Heights southbound tunnel and of the double- 
track tunnel (see Fig. 14). These pipes were inserted in 12-in. cored borings 
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1941 


street surface in into ) the excavated ied tunnels. ‘Two of these holes 
¥ measured from rock elevation about 6 ft below street surface, and were each : 
2291 ft long; the third hole was 133 ft long. A shot drill operated by a gasoline — 
engine was started on ‘December 14 at the first hole and all work was completed | 
_ by January 10 for all three holes. Considerable difficulty was encountered 


ecause of the large amount of the shot -* was lost in the seams of the rock. 
= 
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ETAILS OF TIMBER BRACING 

However, the operation was quite successful, and the total cost of all labor, 


; materials, and equipment was $11 per foot of core removed. — ‘There v was no 
difficulty in placing a 10-in. (inside | diameter) galvanized steel pipe in the 
cored holes. These pipes were grouted i in and capped at the street ee 


Lapor Scueputes, PRoGREss, AND Costs 


‘The typical baer setup ) for tunnel excavation is shown i in Table 
_ Weekly summary and averages of tunnel pro progress, consisting of the: ‘completion 
“of the Queens southbound and the completed center cut for the double-track — 
are shown in Table 2 (see Fig. 


ee 
341 
4 
d 
al at 
= i a. 4! — 
the 
ate 
not 
ed. 
eed 
the 
ble- q 


SIXTH AVENUE SUBWAY Papers 


TABLE 1.—LaBor ScHEDULE on T UNNEL EXCAVATION — 


bound? south- 


Single Queens | ington tunnel 
-Diseription tunnels south- | Heights 


\lat 3 3 runners for 1 shift 
Drill runners’ helpers . . 4: } for 2 shifts 
Apprentice engineman .| 1 lat1 | Col. 5: Oneshift only 
~Muck foreman. .... 1 | 2atl 1 Col. 4: Two shifts, foreman eac h 
T 1 labc {2 at 9 6 Col. 4:9 laborers, 2 shifts 
unnel la or.. eee \lat 5 5 laborers, 1 shift 
Hoist engineman. 1 + lat 1 | Col. 5: One shift only 
1_ | Col. 1: 1 extra on day shift only 
q All columns: On day shift only; part time 
Tunnel boss. a 2 2 } 2 7 »- 0 Cols. 2, 3, 4: Two bosses covered all 3 shifts 
“Powder watchman... ie 1 Coteus: Goo shift and additional 
Totals for three shifts 117 92 35 In 
Also center drift of double tunnel; three shifts at one round per shift. Three shifts. drilling sam 
two widening; three shifts. ¢ Two shifts, 8:00 a.m. to 4:00 p.m. and 2:30 p.m. to 11:00 p.m. ¢ Does not tun: 
include timber crew, which usually ‘comprised a foreman, 3 timbermen, and 3 3 helpers, for one or two shifts, — Saints 
as the tunnels required it, 


TABLE 2.—SumMarY OF TUNNEL EXCAVATION PRocREs 


QUEENS SouTHBOUND AND QUEENS, Average 
TUNNEL “as, progress, 
inft in ft per 


No. of Progress, No. of Progress, 
‘an | | oe | — 


6 22.0 38.6 
5 411 79.6 
5 48.9 90.4 
«84.0 
5 42.0 89.5 
93.0 
‘45. 101.0 
120.0 
117.0 
September 4...... 45.0 109.5 
September 18............ 
September 25............ 40.0 


No. of calendar shifts . 


Progress, in ft per shift: | 

After September 7, 1937... ........ 
— — cha 
days. Completed. ¢ From June | 1. 4 Beginning September ' 7, 1937, all three shifts, ring ade 
drilling in two tunnels during spare time averaged 1.08 shifts per round. 


= 
642 A py 
labc 
4 

— 
— 
— 

Drill 
— 
om 

6.73 
6.66 
6.85 
7.62 

8.06 

514 
: in: 

a progress, inft perround......| 635 | .... | 685 | .... 
9 927 9Q4¢ 
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Costs.—The average labor cost of all the tunnel rock minke in 1937, was 
$5.75 per cu yd. During August, with two t tunnels being excavated, , the total - 
labor cost was $5.11, distributed as follows: 
“Dollars per cu vd 
‘Compressor | plant operation. 
‘Blocksmith shop operation. . . 


full face running two. tunnels ‘at one as occurred. w vhen the Queens 


it was done pont i drilling, or as separate tunnels with longitudinal deilling. | 
In general, the labor cost of driving two tunnels together is practically the © 
‘same as the labor cost of the drilling and mucking in widening the double 
(see ‘Tak able However, considerable time was saved ring- 


TABLE 3. —Lazor (OF Rime ‘VERSUS 


ALTERNAT 


— 


1.5 shots not = wo, 
r 


» =| arillings shift shift 


Drillers required for 4.5 shots at 6 ft, 
in three shifts 


Compressor plant operation. ...... 0. 12 5 0.12 
Sharpening steel.........:........ 0.85 (0.35 
Repairs to equipment... 0.25 0.25 0.28 025 


Cost two wo tunuele as driven. Consparative labor cost of rock excavation. ¢Ring 
widening as of December 13, 1937. 4 Probable costs of driving two drifts instead of using the ring-drilling 


irilling process. ‘There is an indirect saving (which is difficult to estimate) 
in the continuous drillers while the Queens southbound tunnel was 
being finished, and there is a saving - of 50% in the dynamite ¢ cost in the excava- 
“tion of the widening cuts over that used i in the other tun tunnels. oe 7 oe 
For the entire tunneling operation, the total labor costs were as follows: 
‘Changed to excavation of 30,000 cu yd, $190,000; charged to timber, area 


155 million fbm, $16,224; charged to steel, placing 578 tons, $23, 306; and 
tharged to grouting 2,300 bbl of cement, $3,235. To the foregoing should : 


added labor costs in the blacksmith shop; e equipment — outside of drills 


a 
= 
a st of ring drilling the double tunnel widenings was $26.20 per , _- 
_ &f lin ft of tunnel, ring drilled on two sides. = 
me 
— 
— 
— 
ing 
not 
— 
= 
3, 
er 
| 
— 
4 . 
. 
ring 
= 


Dusr C ONTROL 
After excavation was begun, instructions were received to with the 

then latest regulation of the New York | State Industrial Code concerning dust 
control in rock excavation work. Such a code did not exist at the time the 

contract was awarded, and, with the exception of normal ventilation and wet 
drills, no special provisions had been made for such compliance. June 16, 

- 1937, the New Y ork State Industrial Commission sent representatives, together 

‘with ‘scone from the New Y ork Labor Department and the U. S. Bureau 

of Mines, to take ¢ dust count samples during the drilling operation. Although 
‘no definite results were reported to the contractor, it was made known indirectly 

that compliance with the Code would be required an and that some method must 
be submitted for approval unless the strict requirement of the Code (which 
at that time permitted only dust collectors) was provided. ; 
Immediately thereafter, tests were run in the excavation with wet drills 

of various types (ventilation being both by blowing and by sucking within the 

maximum capacity of 4,000 cu ft per m min available). _ Tests were also made 
a4 to . determine the effect of several types of wetting agents mixed in the drill 


Ww ater. P 7 Private ¢ dust counts were ma made under each of several ¢ combinations of. 


the foregoing pos: possible ‘remedies. 
As a result of all of this research, a meth d or formula for dust control 


was . submitted to the New York ‘State. Industrial Commission ‘and after ap- 
proval was incorporated in the Code. The rules set up - compliance \ with 


the amended regulation included the following sev en item _ 


—(@) WwW et drifters shall be fitted for 1} to 2 gal per min in of water applied to 
thedrilstel; 


(2) The exhaust port of the drifter shall be directed away from the face; 


(3) minimum amount of air shall through the hole in the drilling 
2 top of the 


The 


under» various. pressures, both for the - Js-in. . standard needle and ‘the 

: ~ special n needle. h 3 It was found that the rate of flow varied between 1 and 2 gal 

_ -per min between the p pressures of 20 and 70 Ib per 4 in. for the i-in. needle, 


which was adopted for all drills. 
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— - compressor-plant operation; the proportion of the cost for setting up the com- § _ 
a os pressor plant and the mucking shaft; and the pay roll of the master mechanic, st 
superintendent, timekeepers, storeroom keeper, and engineering overhead. __ 
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The half-throttle, air-bleeder port shall be plugged; 
(7) All holes must be collared wet. th 
a 
an 

— 
the tunnel without ariling al SO On the street suriace. Wwe" 


om “not unusual to find a dust ¢ count more than twice as high in in the air at the 

street surface as in the tunnel without drilling. 

- A complete report of all these tests has been published by F. B. Flinn and : 

_ § In connection with compliance with the Code (which provides one per- 

the missible dust concentration for rock containing less than 10% free silica and a 

ust different permissible concentration for rock containing more than 10% free 

the silica), a study was made to determine whether the average rock encountered 7 

wet # came in the classification of more than, or less than, 10% free silica. Except 

16, for the approximate petrographic methods, the only reliable chemical method | 

her for this determination, , found after a thorough detailed study by the ‘experi-- 

cal @ mental laboratories of the DuPont Company, was that described by A. Shaw? 

ugh in 1934. c his method is so detailed that only the best equipped laboratories 

ctly could perform the test and then only after about a week of work. ~ Another 

lust “method reported by Sartorius and Jottent i is a combination of chemical separa 

hich tion and centrifuging the free silica from the solution. _ Neither of jon: 7 

methods was considered ‘practicable enough for attempting a determination of 

tills the true amount of free silica in the rocks encountered. WwW hen the ‘question — 

‘the was presented to the New York State Industrial Commission, and samples of 

ade rock were sent for inspection, it was reported that the rocks contained more. 

drill than 10% free silica without giving the exact percentage or advising what 

is of method had been — 

itrol THE EFFEC’ 

During tunnel operations, “daily readings were token on level points fixed i. 

with | « all elevated columns above the excavated parts of the tunnels and for some 

distance beyond the headings. Practically no deviation in elevations 

d to found in any of the columns except the | one column ¢ directly above the W ash-— 

- ington Heights southbound single-track | tunnel, near the south end. + ‘During 7 

a excavation a slight settlement was noticed in this column. Since the the excava- 

ling tion wa was through soft material that broke v very y poorly, ‘steel bents were placed — 

7 to support the roof. After the tunnel was completed, some of this steel 

the bracing 1 required. readjustment to clear the concrete and during this 

“operation a considerable mass of loose material that had been resting on the 

‘roof steel fell down. ‘This happened directly below the elevated column 
footing, which, however, was not a dangerous condition because the elevated 

q column load hed been jacked up on two temporary steel beams above e the street 
surface as soon as the settlement in the column had reached 1 in. 7 ‘After all 

a the loose material had been allowed to fall, exploratory drill holes were started 

ested from the street surface, and it was found that this footing was resting | on a 

Lin. layer of rock about 5 ft in thickness with soft material below it. This rock 


‘Was consolidated by grouting from the street surface, as well as through the 
concrete after it was poured. The column itself was loosened from its footing 


and jacked up up to proper elevation, and the intervening gap was filled with a 
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was * Engineering and Mining Journal, Vol 
a The Analyst, Vol. 39, 1934, p. 449. — 
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DYNAMITE 


Contract specifications limited the use of dynamite to not more than 100 Ib 


of 60% gelatin strength in any one blast, including delayed explosions. — ie 
a stated previously, the rock was of such nature that 40% gelatin dynamite was” 
> more suitable, 
The total quantity of dynamite used for excavating these tunnels was 
2.98 lb per eu yd, net measurement, « of 40% gelatin: strength. Based on 
ppanite excavation, ‘due to over-breakage, the total was actually about 22 lb 
per cuyd. ( On the average one cap was used for each six — of f dynamite, 
The weight of dy namite per cubic yard moved. varied from month to 
7 _ month, depending upon the type of rock encountered. The maximum Was in 
7 June, 1937 (3.12 Ib); the minimum was in January, 1938 (1. 04 Ib). ~The 
average dynamite consumption for r straight tunnel excavation was approxi-_ 


mately 3.10 Ib per cu yd, and the ave average for shooting | ring .g holes was 1.65 Ib 
All detonation was electrical, a separate blasting line ine being carried into. 
each each heading from a switch located at 


Os _ Concrete i in all mein, era the umbrella portion in the double tunnel, 
was placed by concrete pumps, using steel forms. Total forms purchased for 
_ the job in included a 30-ft section of umbrella form, a 30-ft section of side arch 
that was usable in either of the enlargements for the double tunnel, and a 
30-ft section of single complete -arch tunnel. The umbrella form consisted of 
_two side panels and part of the arch with a trussed framework that supported 
the wheels. | The form collapsed by sliding it on the wheel shaft. | This w was 
_ done by turning the shaft with a ratchet handle, thereby pulling the form away 
from the concrete. _ By means s of screw jacks built into the wales, the form 
was collapsed vertically. _ In this manner the form tended to lean toward the 
conerete, and rollers were provided to run on the concrete while the form 
: ahead was moved. Bulkheads at each stage were built 1 up with wood. For, 
the remainder of the double tunnel a usual type of traveling form was | used, 
with jacks : ‘at the bo ttom, ‘and it covered a approximately three quarters of the 
arch. In In detail it was very simi similar to the complete tt tunnel [form. a 
The ¢ complete form for the s single- track tunnel was 30 ft wed built up in 
multiples of 6 ft. openings in the side- -wall were spaced 15 ft apart t for 
niches. — The trussing and framework for.the form, including the traveler, were 
4 so arranged t that a a muck car co could b be run oer the form, and in a number 
of locations such 1 a procedure was” necessary. ‘Usually, timber braces were 
placed across. the legs of the traveler to. ‘inerease the stiffness of the form. 
=. Because of the fact that the tunnel i is wider on curves, a slip lap joint was” 
al provided for the top * which, in the 1 wider part, resulted in a flat — at 


the benches. The samme rail was used as. for mu 
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lengths being mov ed ahead to accommodate the wide gage of the traveler. 
Collapsing of the form was by lowering the screw jacks on to the axles. The 
eonerete record and progress are shown in Fi ig. 5 and the location of equipment 


About: 6:00 a.m. would build the bulkhead and prepare for the next pour to 


ait Horizontal Scale (Feet) 
50 100 150 200 250 300 


' mo te 0 20 40 60 80 100 120 
_Umbrella From D 


East Arch From 
West Arch FroomD 


_<—__Umbrella From E 
~+— East Arch From D 
West Arch From 


———From Po Position 


§ In the. > single- track tunnel, concrete arches were poured at it the rate of | 30 ft 
each day, us using the larger pump. In the double tunnel, the umbrella section — 
Was poured at the rate of 30 ft a day with the smaller pump, such a pour being | 

between 40 and 45 cu yd. q _ The complete arch pour was about 135 cu yd. oe = 
No difficulty was experienced i in pouring once every day. ‘The early 


‘morning shift collapsed the form and moved it ahead, and carpenters starting 


start at 10:00 a.m. After the first few days of operation, and after all the 
idiosyncrasies of the concrete pump apparatus were fairly well understood, 
the 185 cu yd of pour would be finished by 4 :30 p.m. The concrete pumps 
were placed at approximately subgrade level, and the concrete was ; chuted 
down from “mixing trucks at the street surface through circular 8-in. deghenh 
trunk chutes. _ The rate of delivery wa was controlled by bell signals between the 
pump operator and the street surface. Pump operation was controlled by 
the engineers stationed at the } pump in ‘accordance with electric bell signals 
from the foreman at the form. 7 _ Very little difficulty was encountered because 
of the rule that all signals, when received, must be e repeated by the receiver, 
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and the little expense of providing return signals from each line 
was found much worth while. 
1 In some instances in the double tunnel it was found possible to place the 
‘pump in the shaft t area at approximately the the middle of the length of the e tunnel 
and at the street ; surface, using a a down-feed pipe to the tunnel level. ith 
fairly uniform delivery concrete, and starting each day’s pour ith approxi. 
mately 3 cu yd of cement grout to lubricate the pipe, no difficulty was found 
in pumping c concrete approximately 500 ft horizontally : and 20 ft vertically. 
At a point about 30 ft from the form an air -connection tee was added to 
the concrete pipe to be used as a booster for filling up the form. — ‘When the. 
concrete had filled up the entire form and the end bulkhead had been completed, 
the short pipe _ sections inside the form were removed as the concrete filled up 
the volume. - Air at 100-lb pressure was admitted into the concrete pipe, , and 
the fluid concrete ahead of the air ‘inlet, about 30 ft in length, w was shot into the 
concrete m mass inside the form. ‘This operation, it was found, could | not be. 
repeated safely until the ‘aeenl eenaion. had again filled up the entire | pipe 
length; otherwise the back pressure clogged the pipe between air air connection 
andpump, 
- With this procedure the concer rete could be pushed up 6 ft above the outlet _ 
pipe inside the form where rock crevices were that high; and, as far as visual 
was concerned, the concrete seemed to be tight against the rock. 
During pumping operations, it was found practically safe (although not 
unduly comfortable because of the high humidity and temperatures) for men 
to work inside | the form when placing and tying grout pipes, spading ‘concrete, 
The typical labor setup for concreting, including stripping and shifting 
steel form, building bulkheads, setting : and brazing copper. water stops, se setting 
up concrete pipe, setting and making up ) grout pipes, revising steel bracing, 


concreting, and cleaning up ) pipe and concrete pump, was as given in Table 4. 

‘TABL E 4.—Lazor ScHEDULE FOR Concrere Work 


Yon- | Con- 
crete | crete 


fore- labor- enginemen 


ouble tunnel, west arch >... Lat 1 a 7 
‘... he labor cost for stripping, moving, and resetting forms and building bulk- 
heads was $0.23 per sq ft contact area of tunnel surface (not including areas 
‘The total labor cost of tunnel concrete » in 1937 was $3.80 per eu yd, to 
which must be added the cost of the forms, insurances, over! head, and concrete, 
including the value of the excess of pay lines. his labor 
: cost ir includes all of the men involved in preparing, setting, and removing the 
forms, and the placing of the concrete inside the form placing the grout pipes 


wal 


tenance 


— 
— 
— 
= 
: 
| 
| 
| 
f 
— 
4 4 
ic 
— 
4 
i 
— q 
— 
— 


itlet 
sual 
Fie. 17.—Soutrs Enp or Dovusie TunNE 
men 


rete, 


and water. stops, and any incidental work in connection with the “conerete 


both for the arches and the benches. 


‘STEEL SRECTION : 


In the double tunnel, structural steel columns and base wt: iw grillages: 
‘were erected in the center wall. l. Top grillages. were continuous over two 
—eolumns in the form of bents independent of each other. The structural steel 
ae brought into the tunnel on the ‘mucking tracks and set at the side of the 
tunnel, until all the steel had been delivered. . Erection was by hand, using 
the roof bracing for attaching block and falls. As the structural ‘steel was set 
in place, the track had to be removed. — A total of 102 tons of steel was brought | 
‘with a total labor cost of $22. 37 per ton, including supervision, erection, 


ing, and trucking fro from lighters about 2 miles away, 


ih After the main arches were poured, in which grout, pipes had d been installed, 


- the | track remaining i in 1 place, a . grouting gang was s sent through to grout: all 
the holes that would take it, at 50-Ib to 60- Ib pressures. — This was followed 
bya a second run | at 60- Ib pressure (and in some cases more), after which the 
grout holes were filled. At the same time, any fi finishing that needed to be 
on the concrete, such ¢ removal of fins, w as 1s completed (see Figs. 17 and 
18). Grout pipes 1 were 2 ‘in., with a coupling set flush on the form. Grout 


cocks 1 were connected by “nipples, which were removed after the completion | 


grouting; 


The grout used was approximately of 1:1 mix. The grouting machine 
ran on the e track, and the sand and cement were brought up in bags on flat 
cars. The Queens southbound single tunnel, 700 ft long, ‘required 1,210 
of. cement, or approximately 12 bbl of cement per linear foot of tunnel. 
total cost of red grouting was as follows: Labor, $1.24; insurance, 80. 24; a 
cement, $2. 10; $ cu yd of sand, $0. 25; - sales tax, $0. 05; 3 and air rand ‘equipment, 
$0. 12—a total of $4 per bbl of cement. In the other tunnels: the labor cost 
ran quite uniformly the same, at $1.25 per bbl of cement. The average day’ 7 
production was 250 bags of cement, an and the maximum day’ s production scl 
B56 bags, 
At convenient times the inverts were graded by hand, removing the track 


after ' grading \ was completed. The invert concrete slab was 12 in. thick, and 


4 


in some locations covered cast-iron ‘drain pi pipe was 8 set slightly below the invert. 
This concrete was placed by pump, keeping the pipe on the side bench. Sesh 
= could easily do 250 ft of invert, or 125 cu yd, using the small pump. 

In two: of ‘the tunnels a a catwalk, or or emergency walkwa ay, was built in 


In the other two tunnels a bank of 30 clay ducts was: laid against . 
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town the top. west shaft of the 
_ of rock b between the two tunnels which | crossed each other at that point— 
app roximately 5ft. } Mucking was by crane and buckets from the street surface. 
In the east shaft, where the c cover was about 20 ft above the tunnels, earth 
and: some of the rock were removed from the street surface to expose and © 
_ protect the v water main and 1 utility duets, and also to deck the opening i in the 
street. surface; then by means of long drilling, holes were driven through to 
_ the tunnel. 7 _ The rock was then blasted into the tunnel by loading the bottom © 
of the holes. Mucking, a, by crane and buckets from the street 
ng: In the east shaft niches were cut to provide for the exit stairways connecting» 
the catwalk with the street surface, in this way avoiding open _ excavation 
: immediately adjacent to the building. r In spite of the seamy rock i in the east 
shaft, steel bracing in the tunnel and in the shaft prevented any movement 
of the rock, and the ‘operation was completed without hazard to the umes 


‘traffic as as Ww ella as the buildings immediately adjacent. to the shaft. 1 
= 


AccipEnts 
In general, the tunnel | operation was remarkably free accidents, although 


there w was one fatal case. _ As far as equipment. was concerned, at one time a 
mucking machine tipped over in the tunnel causing a loss of three hours in | 


4 


schedule but: no injuries. At another time a piece of roof fell out on the boom 
cof the mucking machine and broke the beam connection, without any personal 
injuries. ‘The fatal accident occurred on the last night of tunneling when a 
“small piece of rock. fell fr from the roof and injured | the mucking machine operator, 
who at the time was w watching the track § gang install tl the : last piece of track for 
final cleanup; the man died some days later. 
To reduce accidents, every man in the tunnels was required to wear * 
safety hat and safety boots that were provided with nonskid bottoms and 
aluminum tips. | The foremen were held personally responsible for accidents 
- to the men men in their crews s. No separate record was kept of accidents in the 
tunnels as ; as against those on the remainder of the contract. a The total record 
of lost- time accidents from July, 1937, to April 1, 1938 (during which | period 
‘Most of _ the tunnel work was done), shows : a total of thirty-seven accidents — 


for the nine ne months, of which thirty-two were lost- time accidents. . The 
number of men engaged in that period averaged between 400 and 500 per day. y. 


In th this period of nine months the maximum number of lost-time accidents _ 
per "month was eight i in the month of July and the minimum was one in the 

‘month of February. There was no accident involving any one “outside of 
regular employees. Alleged damage to neighboring property along the line 


the practically nil. nil, 
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PERSONNEL 


Contract for the cor construction of Section 10 of the Sixth Avenue Subway, 
which included these > tunnels, Was | awe rded to the Rosoff- Brader Construetion 

Corporation, which, in August of 1938, became the Brader Construction 
Corporation. The chief engineer of the Rosoff- Brader Construction Corpors 
tion was Fred W. . Stiefel, Assoc. M. Am. Soe. C. 
‘The work was done under the supervision, and in accordance with the 


design, the: Board of “Transportation of the City of New York, of 
Jesse B. Snow, M. Am. Soc. C. ‘is engin neer. — the tunnel-- 


first division. Checks M. Madden, M. Soe. C as 
engineer at first Later, Mr. Madden replaced the late A. M. “Mayell as 


subdivision engineer. work was completed under Francis Haye es, 
4 Assoc. M. Am. Soe. C.E., as s section engineer. The de design was s prepa ed by 
Albert Goertz as design engineer for this section. 


In the contractor’s organization, all of the construction procedure a and» 


a ations were t under the control of the » writer, who was in charge of the 
construction. The engineering staff not only designed the methods of ‘pro- 


cedure but ordered the materials, laid out the work for the various shifts, and 


in general scheduled the operation construction. In the field one engineer 
was assigned to each shift in the tunnels, the three shifts being covered by 
_§. M. Marks and Sidney Philip, Juniors, Am. Soc. C. E. - ‘and James Lyttle. 
~The dust- control work, as well as some of the office work in connection with Z 
the planning of the drilling, | ‘equipment, -ete., was done by Philip S. Miller, 
- Assoc. 1 M. ‘Am. Soc. C. E., ai , aided by Sol Rusitaky and W. Mortensen in the — 
office 
“a ‘The: superintendent was Jacob Siebert, to whom too much credit cannot t be 
given for the success of the o oper ation. Joseph ‘Tinley was master mechanic 
= Walter Reed was master electrician. Shift bosses were Harvey 


and Due Carroll. Credit must ‘be given not only to these men but to all the | 


loyal mechanics and laborers in their respective gangs. 
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MODEL TESTS, BRIDGE PIER SUPPORTED 


Discussion 


By THOMAs F. Caen. JR M. Am. Soc. E., AND 


JOHN M. CoAN, JR., JUN. AM. Soc. C. E. s 


‘Tuomas F. Jr.,6 M. Am. Soc. C. E., AND JOHN M. Coan, Jr.,? 
Jun. Am. Soc. C. E. (by letter) 2_The 1 writers are indebted to Mr. Feld rol 
his discussion and for his general approval of the paper. _ Mr. Feld questions | 
the safety of such long p piles in actual construction. The purpose of making 
_ these tests was to answer this question and to determine by actual measure- 
“ments the stresses in, and the action of, such unprecedented piles. However, — 
in the actual construction, the pier caps were extended to a level just below 
the mud line, and this considerably reduced the length and the 
‘deflections of the. prototyy pe pier. 
. - F eld also suggests the possibility. that, in such soft material, caisson 7 
construetion 1 might have been feasible. In this particular case, W ith more than 
5 100 ft of soft mud in some places, the cost W would have been out of the question 
- if the piers were to be extended to solid material orrock, = = 
‘The writers made clear, in the paper, their reasons for neglecting | the re- 

_ straining action of the soil. Mr. Feld agrees that this will give a more critical © 
stress condition than ‘actually would exist in the prototype. 
Si In discussion, the writers had hoped to develop | some mathematical analyses 

for such pile gi groups, using the test data as a » check. This was as the main pu purpose ; 

of submitting t the results of this research to the profession, and no claims were 


made as to the ‘practicability of the proposed construction. 


. Norz.—This paper by Thomas F. Comber, Jr., M. Am. Soc. C. E., and John M. Coan, Jr. , Jun. Am. 7 
Soc. C. E., was published in June, 1940, Proceedings. on this has appeared i in 
as follows: January, 1941, by Jacob Feld, M. Am. Soc. C. E 7 


Prof. of Civ. Eng., Civ. Eng. Dept., The Johns Hopkine Univ. , Baltimore, Md. 


ta by the Secretary ‘March 18, "1941. 
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SOCIETY OF CIVIL ENGIN 


CAVITATION IN OUTLET CONDUITS 


HIGH DAMS 


| 
‘By MEssrs. _E. LEMAN, P. s. SHAUGHNESSY 1 


E. S. RANDOLPH, AND” CARROLL F. -MERRI IAM 


UY. E. Le EMAN, nm Esq. (by let letter). 4e—Ffforts, made in recent years, to arrive 

rt Pm a clear conception of the 7 processes relating to the behavior of water in the 


cavitation zone, have not met with much success. J. Hunsaker has referred 
to this co condition, as cannot describe the “exact ‘mechanism by 


‘becomes unstable i in such ae ten a 


a4 power of a water into a confined space. ~~ 

a : he writer feels, however, that the full scope of the analysis has not been 
exploited by the authors, who limited themselves to a single aspect of the 
-process— —namely, to the action of a slug of water sandwiched in between two 
vapor cavities, without taking into consideration other factors instrumental in 


producing pitting in the cavitation zone. 
‘Under the heading, “Behavior of Original Madden Dam Conduit 


in Models,” the authors. describe the character of flow at the collapse zone as 
one 7 where especially intense impacts are caused by collisions between the 
“y swiftly moving water of the streamline filaments and the broken masses s of ; 
water and \ vapor hurled against these filaments from the interior of the pocket. ‘é 
It seems to be an established fact that, when a vapor cavity collapses, 


water rushes into it, eventually the wall, not in the shape of broken 


masses but usually retaining, in substance, its pattern of continuity. 7 It is is the 

writer’ Ss contention that both the broken masses and the streamline filaments ; 


contribute. to the destruction of the wall wall. 


ea: Norse.—This paper ay Boers 4. Thomas, M. Am. Soc. C. E., and Emil P. Schuleen, Assoc. M. Am. ; 


Soc. C. E., was publishe 
Proceedings, an follows: March, 1941, by Jerome Fee, Assoc. M. Am. Soc. a 


_-«WCiv. Engr., New York,N.Y. 


ua Received by the Secretary March 11, 1941. oe ayy, 
Research,” by J. Hunsaker, Mechanical Engineering, Vol. 57, April, 1935, p. 211- 216. 


in November, 1940, Proceedings. ~ Discussion on has" appeared in 
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To substantiate ng? point of view, the w writer presents : a “physical picture’ 


” 


of ai an isolated or of a solid “The picture be helpful also 


Ee isualizing the processes inherent in the travel of water into converging ‘spaces’ 


under ideal conditions (as assumed by the authors), these processes being, 


ordinarily, somewhat puzzling. The case of a slug, in accordance with the _ 
authors’ analysis, will be first presented. 
a For the sake of simplicity the crevice is assumed to be not a ‘pyramid, - 
used by the authors, but wedge —_— as shown i in F ig. 15. To facilitate the 


which the of the wedge to one half the to tip 7 
| = slug of water (of a width 1 no normal to the plane of bong hapuanniny-<d Coons ¢ 
from its | position ABC Dtoanew ‘position 1,Bi Ci Div 

a distance d,, and its 3 front a distance dy. ‘Due to convergence of space, dy i is _ 
larger. than. dy, as volume A D must be « equal to volume B B, ¢,¢. This 

“faster movement of the front in relation to that of the rear becomes more and 

“more: ‘pronounced a as the slug. travels toward the tip of the wedge. 7 The follow- 

= ~ Suppose. the slug A BC D moves from a position, where its rear is J units 
away from the tip 7’, to its final position when its front hits the tip—this final Z 
position being represented by a triangle S T U , with a base 5 and a height 10. 

As the volume A BC Di is equal to the volume of the. triangular ; prism s ie U: 


5 X 10 
+ 


in inwhich x ews the titan length of the slug as it travels toward the tip. 


April 
Gee 
— 
vO" 
. 
as 
— 
en 


which / and x refer to the initial pc a, to new positions 
the slug in its various stages of travel the 


Noting tha that represents the relation ¢ of average velocity of the 


in the same interval of time: a 


. Eqs. 24, 26, and 27 have been used to plot the curves in Fig. 16, the values” 
of being s selected in such a as to give the more characteristic points 
shown. One can readily ‘See 
that, for an ideal case of mo- 
‘ten (no viscosity, no elastic 


deformations and absolute. 


vacuum), the relations 
— 


- front and rear may become 
‘infinite, with practically 


tip of the crevice. Thisisin 
complete agreement withthe 
rs’statement tothatef- 
fectin presenting Eqs. 3and4. 
Thecaseo of streamline flow flow 
involves conditions differing 
in many ways from those of 
_ @ slug; whereas the latter is 
comparable toa flying 
jectile, the former i is charac- 
terized by a water column 
“reaching back to the free 
vate face of thereservoir. 

The purely kinetic energy formulas (Eqs. 1 land +2) must now yield to the 


- total energy equations that would include the pressure energy as well, no 


5 


10+1x10" 
10+5x10™ 
10+1x10, 


* 


this 
Fortunately, however, these considerations need. not be taken j in account 
a as far as far as the “physical picture” of the process within the crevice is concerned. 
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_ Pita again to Fig. 15, imagine that the space to the left of line A D is 


»b) : not a vacuum but is filled with water extending to the free surface of ‘the 

reservoir, the line A D being merely a dividing line, separating a volume 

4 ABCD from the column of water to the left. The reasoning used in es- 


-tablishing the curves in Fig. 16 can now be applied, without reservations, to the 


the ~ case of a solid water column entering a crevice; in spite of a difference in ab- 7 
ae solute values of velocities and energies in the two cases, the process of nm 


respective increase remains identical. The final result (accumulation 


The writer is unable either to a agree with the authors’ theory of water- 
. ee action in respect to the slug, 0 or to deny it. _ He would not be willing 


27) a certainty, its propagation faethe: out, over the vapor or cavities, remains 


ear ‘This uncertainty, coupled with insufficient information as to the actual 
velocity c of the slug, precludes: any accurate estimation of the relative destruc 
tion capacities of the two vo flow patterns. _ The following, therefore, is merely — 

an attempt to evaluate such capacities in a rather general manner, under the | 


s gracegamnes that some kind of w ater-hammer action does exist, in the case of 


_ The familiar expression for the head due to water hammer (in excess of the 


Since and g a g are constant, would depend on alone. This 
means that, in order to discover which pattern of flow creates a greater waler 

; hammer, r reasons for the c occurrence of higher velocities should be investigated. 
Pe For lack of experimental da data, an accurate solution of this problem cannot 7 
- possibly be given at the present time; one may feel, however, that, in the case — . 
of a solid water column Teaching © the wall, its velocity, being dependent on 

~ the static head in the conduit, is certain to be higher than that of a a minute - 
‘slug working under the handicap | of collisions with broken masses of water in ; 
the vapor pocket. Besides, the momentum of ‘such a column is certain a 
the forward of the water particles i in the crevice, helping them 


cope with t the counter action of viscous resistance, elastic stresses, or con- 


densation of vapor in the tip. In that case, the flow has a better chance of 


tetaining its original v velocity at the point of contact with the wall. o = need 


These considerations lead the writer to the belief that, provided the water 
ge has a chance to reach the wall as a 1 solid mass, its eventual effect is 


certain to be more violent than that of a slug. _ This does not necessarily m mean 
‘that all destruction i is the r result of such action. The fact that the ¢ — of ] 


Schw eizerische Bauzeitung, May, 1933, p. 243. 
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— land, are worth being mentioned in this connection: Metal sp specimens have been 
: subjected to heavy hammering by water ‘slugs. The results | are indicative of 
the fact that, to ¢ a » high degree, such : slugs : are instrumental in n producing ng erosion 
which, in its ts sponge- -like appearance, is strikingly similar to the pitted s oe 


The writer has one more remark to make: The a authors state (under the 


“Model Studies of Various Methods Proposed to * Group 2’ 


to the discharge capacity of the conduits. No 
portant this consideration, the writer is under the impression that vent pipes — 
have not been given a chance to prove their worth. The three 3-in. pipes, — 


installed in connection with the modified design of 1935, could not help being 


more of a nuisance than a remedy, owing tc to their quite insufficient size. Judg- 
_ by the : standards of the U. S. Bureau of Reclamation," the cross- sectional — as 
area of the pipes s should have been about 8 times larger than the one used. _ on 
P. S. O'SHAUGHNESSY, 14 Bsq., AND E. S. RANDOLPH, Am. Soc. C. 
‘(by letter).!°*—In 1928, when plans were first made for the Madden Dam, 
Ste 
sluiceways near the lewd. of the Chagres River bed were specified. — These out- a 
lets were to permit lowering of the reservoir for purposes of cleaning» 
out debris, and routine maintenance a and repairs. The a a op 
the 
ant 
10-ft to be a » aid in re of 16: 
flare provided at the | sluiceway entrances. in the original design 
‘limited to permit the construction of slots to accommodate stop logs of reason- . oe 
able size. When the laboratory tests were made, one of the objects was to ¥ tio 
preserve the stop-log slots and thereby confine any required modifications to - 
the part of the conduit downstream from the slots. This was accomplished — oe 
“4 in the case of sluiceways ays 1 to 4, w where the model studies showed that the: entrance - 
“4 could be reconstructed 1 in ‘such a manner that cz cavitation was eliminated with slo 
very ‘slight changes in the stop- -log slots. However, for sluiceway ays 5 and 6, 
the most satisfactory means developed tor reduce cavitation consisted of pro-- . th 
covers at the stop-log slots. wit 
Between September and December, 1934, as part of a . comprehensiv e pro- = 
- gram of hydraulic tests on the Madden Dam, the sluiceways | were operated at - 
various heads from 71.5 to 138.5 ft during the rise of the reservoir. 7 iter - 
‘December, 1934, the sluiceways (except sluicew ay: 3 in which’ the testing equip- bet 
~ ment had been installed) were used at times to control the reservoir level. we Doi 
—_ From the beginning of the sluiceway operation, it was noticed - that the ths 
flow was accompanied by popping - and crackling noises ; that were very loud act 
_ within the sluice-gate galleries ¢ and were audible even on the parapet 0 of the el 
-- dam. Apprehension was felt at the time that damage -oceurring, but exy 
18 “Dams and Control Works,” U. 8. Dept. of the Interior, 1938, p. 180. A pu 
14 Asst. Engr., Special Eng. Div., The Panama Canal, Balboa Heights, Canal Zone, 7 str 
18 Cons. Engr., The Panama Canal, Balboa Heights, Canal Zone. "a 
16a Received by the Secretary March 13, 1941. 4. 
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definite evidence was s lacking until the cavitation had progressed to such a 
depth that a & paveus tile ‘drain b began to camange into the dam on March 15, 
1935 (see heading “Introduction,” in the paper). ‘The know ledge that cavita- 
tion had occurred coincided ‘closely with the appearance of the paper by Mr. | 
Hunsaker,® which was of a assistance in the matter. 


“stronger” filler’ the the bet confidence 
existed in th the efficacy of a tight- -fitting cover, | alone, to result in its selection 


wa means of closure. wa: was prior to the model tests, which’ 


two. sluiceways with and 6. These covers were 
designed to withstand full hydrostatic head in addition to atmospheric pre pressure. 
Steel cables were attached to the covers to permit _ removal without the 


iched to the covers to” 
services of a diver. 


Messrs. Thomas and Schuleen state that the Madden 


anticipated flood is at El. 263, which is » to drostatic head 

‘168.3 ft. It was for this reason that tests at higher heads were requested in the 

second series of tests. ; The fact that 168.3 ft was the maximum anticipated 

head was not transmitted to the authors. —— = 

‘During the second season of operation of sluiceways 5 5 a and 6 6, after installa- 

‘tion of the bellmouths, there was noticeable difference in the volume of. 

concrete removed . As shown i in Table 2, the operating periods at high heeds 
were, respectiv vely, 1, 248 and 1 421 hours. ‘ he volumes of concrete remov ved 
“were, respectiv ely, 30.5 and 16.4 cu ft. It appears that the vented stop-log 

“slot filler in sluiceway 6 remained in place for some time after its installation — 
but ut collapsed at some unknown date. Vacuum measurements were made at 

: the entrance to sluiceway 6 on December 11 and 16, 1935. On the former date, 7 
Bate the sluiceway > em under a head of 134.3 ft, a vacuum of 24 in. a 


point of time and of of high heads, ante occurred by December 16, it would appear 


that the lesser damage to. sluiceway 6 may have been « due to the beneficial 
action of the vented filler frame before its collapse. - That the frame did not 
collapse under the higher heads prevailing at the beginning of operation can be 
explained by assuming that the force acting upon it was not constant but of a 

pulsating character. It was noticed throughout the | sluicew ay tests that the 


stream j issuing from the conduits was of this type. 


8 
) ; would prevent or diminish the cavitation by serving as a cushion, but they did _ a 
£- # not produce the desired result of eliminating cavitation completely. = a 
n- @ £After the collapse of the air-vented filler in sluiceway 6, which had been | +. ca 
es] fitted with a bellmouth inlet, attention was directed to the great intensity . aa 
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the first season of operation, sliloeways 1 and 2 were badly damaged 

by 138 and 130 hours, respectively, of operation under high heads. After 


these sluiceways were were and 107 hours, 


concrete. “Iti is possible, aleo, air vents installed 

made ' were of some use in decreasing the effect of cavitation collapse. 

It is not made clear in the paper how the air measured i in the model tests on 

- diverging tube apparatus can be re related quantitatively to the air that would 

be required in venting the prototype. Even if the quantity: of air can be 

expressed in terms of the prototype, it appears doubtful that venting is the 

best approach - to most problems of eliminating cavitation in outlet conduits. 3 

_ Mr. Hunsaker® showed th that for a giv iven hydraulic : system the product of 

" the frequency and the length of the cavitation pockets is s equal to the product ot 

the throat velocity and a ‘substantially constant non- -dimensional 

If the velocity remains constant, venting will lengthen the cavitation pocket a 
and decrease the frequency in direct propor tion. In this case, the pockets will 


form | farther and the of cavitation a will be de- 


ca avitation is. not eliminated a large volume of air i is introduced; a and, 
‘this ca case (as § stated by Messrs. Thomas and Schuleen), ar a reduction in | discharge 
will result. 
a Difficulties similar to those at the Madden Dam: may have e — encountered 
in other structures. . These, if reported and discussed, may serve to focus 
attention on the importance of considering « cavitation in designing. 
Since the completion of the model tests, it has been determined to limit 
sluice- -gate openings on sluiceways 1 to 4 to 70% until they have been repaired. 
Sluiceways 5 and 6, provided with bellmouths pier cover plates over the : stop- 
_ log slots, may be operated ¢ at full capacity for the passage of extreme floods. — 
"Acknowledgments. —The designs for the Madden Dam were } prepared by the 
Bureau of Reclamation, in collaboration with engineers of the Ps 
Canal. _ The chief engineer and the chief designing ¢ engineer of the Bureau of 
Roemation were engaged as consulting engineers by the Governor of the 
Panama Canal Zone. — The bellmouth entrances that were attached later to” 
_ sluiceways 5 and 6 were stale also by engineers of the Bureau of Reclamation. 
16 Esq. y letter). 160__'T There is rauch food for 


thought i in the the differences to be noted in the work of ex experi- 
menters in the field of cavitation. The ‘Striking point is that interest in cavita- 

tion is not confined to and users of hydraulic machinery. It 
_ proves that the research conducted primarily through interest in the mechanical 


finds application i in a that is structural. At the 


: approach. — In the case of discharge conduite, which may be operated ‘at fll 


With Pennsylvania Water & Power Company, | Baltimore, Md. 
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cavitation, whereas the builder of high-speed hydraulic 

is seeking the economic balance between operating revenue and cost of repairs. 
( ‘onsequently, he must strive for quantitative measurement, always seeking to. 
ev ‘aluate risk of damage and resistance of materials, together with the value of 
increased | capacity 7 The former is more interested in qualitative tests which 
give reasonable assurance that the design proving best i in the model i is the most 
suitable for the prototype. Under these conditions it would appear that the 
“authors? experimental results have greater immediate practical application 

than their mathematical analys sis. 
a... The mathematical analysis a affords an inter esting approach that is not to be_ 


q discredited by: any means, for, even though exact agr eement with can 


gator gain “insight into the oe play of reve hich influence the 
| 
-_ Obviously, the action that takes place i is far too involved to permit, predie- 
tion of the exact pressure, at : any giv en region, in model or p prototype pe, under > 
any given conditions. How eve er, the authors’ development of the conception — 
“of a slug « of water striking : a converging passage explains, excellently, why it is 
ince that, when pitting has on once started and has gained a little foothold, further 
l,in J damage i is likely to progress ‘at an accelerated rate. The test pieces removed — 
arge from: the Holtwood stand'’ showed deep pitting along the edge where the sides 
of the flume makearightangle. = 
ered | _ It should be emphasized in addition that this multiplication of impact leads" 
ocus to tremendously high concentration of stress ov er an exceedingly limited area. 
‘This is well illustrated by the experiments cited in the paper,’ in which | ordinary _ - 
methods of Measuring high pressures such as are used in internal wutedion — 
engines, gun barrels, etc., failed completely as criteria of cavitation severity. a 
Finally, the use of thin ‘diaphragms, backed up by perforated plates, proved i in 
vain because 1 they were punctured merely by accidental hits like bullets 
than by a widespread blow. 
The principal point of disagreement v Ww ith: the lies in ‘their not enter- 
taining the theory advanced by W. Watters Pagon,!8 M. Am. Soe. C. E. in 1935, 
at least as an alternative explanation. — His conception of eddies as the funda-— 
= form of the cavities demonstrates not only the possibility ¢ of extremely 
high local pressure concentrations, resulting from bombardment o of the walls by 


particles propelled at terrific velocity generated by e but sudden col 


relation to the form of the cavitation pocket. ‘ee a 


_ The authors recognize that any mathematical treatment is beset with factors 
‘that are extremely difficult ‘to evaluate since they enumerate the many things 

that must be ‘neglected i in order to justify equating kinetic energies. this 
‘number should be added the rotational energy in the eddies iti=(its 
ting Resistance of Metals Under Cavitation Conditions, by J. M. M. Mousson, 


M. E., July (1939), Vol. 59, No. 5, pp. 399-408. 


16*‘Cavitation and Erosion Investigated as a Problem i in Fluid Mechanics s,” by W. W. atters Pagon | 
(unpublished or, A. S. M. E., 1935). On file for reference in Engineering Societies Library, 29 W. 3%h 
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Discussions 


- Although the action within the cavitation pocket, particularly at the down- 

stream fringe, is extremely. complicated, as shown by the high- speed moving 


of: a confusion of slugs ¢ of being hurled about. promiscuously, these 
—_ striking with destructive violence u upon the walls of the conduit. _ Careful study 
these moving pictures, together with 1 stop. -motion stills and examination of 
the models in operation illuminated by ordinary light as well as by electric 
‘spark, reveals that at the upstream edge there seems t to o be an o orderly leaping 
of the water aw way ; from the walls. _ Behind this. region, when cavitation is well 
.: _ developed, there i is undoubtedly : a part of the channel boundary that is never 
wetted. The most important part of the pocket, from the point of view of 
damage, ‘is where the stream apparently returns to the walls. If the pheno- 
-menon were perfectly continuous and could take | place smoothly and uniformly, 
_ the stream would merely deliver a glancing blow with little probability of dies 
— Instead, the action is far from stable and is characterized by an alternate 
_ lengthening : and shortening of the pocket so that the downstream boundary is 
a a fringe of extreme turbulence. In this region slugs of water can be imagined 
as being hurled through an environment of water vapor; or the opposite, w hich — 
would mean bubble-like cavities filled only with condensable water veger tossed 
about i ina seething mass 0 of turbulent ‘currents of of water. _ The chan chances are that _ 


neither « of these ¢ conceptions is entirely correct. 


= 


environment. when the absolute hon ; 
eddies are open and can remain as open cavities even after the pressure 
‘partly restored; but they are extremely unstable. _ It seems more likely that 
‘the final collapse of these ¢ cores is vthe direct cause of the destruction rather than : 


q the damage | comes where the axes of the would the 
walls rather than on the profiles, which would be more likely to tate e the 


cross This cannot explained by the of Bernul- 


What is the origin: of this pressure increase? 
and the ‘Surface of the hydraulic jump. The action appears to be similar, 


passages both are stable. In 


are particularly unstable. In one model which of a chapel 
passage, , terminating ina parallel section, , there was a said increase in nois 
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as well as iain just as soon as the cavitation pocket was made to extend — 
into the parallel section. 7 ‘This phenomenon was reported by W. Spannhake.!® 


‘The disruptive effort seems to be definitely associated with the —* of 


successful the of air ir remaining probably had no 
"appreciable effect upon their results. — It should be emphasized, however, that — 
“even a small amount of dissolved air is sufficient when very low pressures are 
encountered to upset the laws of hydraulic similitude. Under these 
Beant water expands as an emulsion with the air coming out of solution. © The 


result i is that Qi is no longer equal to In hy draulic model testing, in 


which at any point there are pressures less than a half an 1 atmosphere, there is 
pd of trouble from this source. 


‘exploration ¥ will show that the valley has a flat bottom rather than. sunniel 4 as 
_ Although: the authors are correct in stating that i in in practice it t usually re- 
‘quires months to develop deep pitting i in metal surfaces, it should not be over-. 
looked that in in certain laboratory tests it is possible to see the first signs of pitting 
after several seconds and to produce satisfactory results i in the course of an 


hour.? wane Nevertheless, attempts to force metal to pit in ‘models a: as it would be. 

. Perhaps one — 
of the most “fruitful fields for further investigation is to - establish relations 
» een actual service and the results of various accelerated tests. 


Many” investigators have been forced to rely upon indications of surface 7 


iis, such as the removal of paint, and consequently | the authors are to be 
congratulated fo for attaining any success at all in finding a material to simulate 
pitting. The principal difficulty would seem to lie i in there being a threshold Id 
value of severity below w vhich no damage is done but above which failure takes | - 


machinery, this s the possibility ‘of « even more e extended —_ 
tion. pt So far, cavitation has always been regarded as the “‘v illain in the plot” Pcie 


the bane of the designer. © The word cavitation itself carries a bad connotation. 7 


It would be . interesting if some day a useful purpose could be found for it. — 
Experimenters have noticed a similarity between 1 cavitation and the hydraulic 
jump; furthermore, the hydraulic j jump has been used to produce an intimate 
mixture of liquids. 2 Do ne not these two statements su; suggest that “cavitation 


, *“‘Cavitation Research,” Progress Report, by Carroll F. Merriam based on work of Wilhelm Spann- 
bake, New England Hydraulic Power Committee of the New England Electrical Utilities Engrs., 1938. 
Filed for reference in Engineering Societies Library, 29 W. 39th St., New York, N. Y. aii sions 

Progress Report on itation at Institute of Technology 

Vol. 59, 19: 
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a might be used to secure an intimate mixture of two chemicals when, for 7 
reason or other, it was desired to have the time of mixing reduced to an ex- 
tremely sn small fraction of a second? application my 


Discu USSTONS 


Tiquids. ie content in water is reduced in the cavitation zone faster than it 

ean be ‘dissolved i in the following turbulent zone. When such gases have harm- 

ful effects, such as the oxidation of fats in milk, there is at least a » possibility 

of the content being quickly and materially reduced by cavitation. 
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RELIABILITY OF STATION. “YEAR RAINFALL. 
“FREQUENCY ‘DETERMINATIONS 


‘Discussion 


~ 


EUGENE L. GRANT, M.. AM. Soc. E. 


excellent paper lies not. only i in its specific contributions but also in its implied — 
- suggestion that engineers dealing with problems of hydrology should be — 
interested in statistical measures of the reliability of the conclusions of their 
studies. The station-year method presents two questions which constitute a 
to the student of statistical technique. One question is whether or 
: not the stations used are too far apart to be subject to the same cause system 
with re regard to storms of the duration and intensity under consideration. — ‘The’ 
other question is whether the stations used are so close together that the same 
storm has been counted more than once. — The Bartels’ technique, explained 
in this paper, provides a satisfactory method of answer ing this second question. 7 
— One generalisation Ww hich seems justified on the basis of the evidence now — 
av vailable i is that the station-y -year method is particularly well adapted to dealing 7 
with high- -intensity storms of short duration. _ The greater the intensity —_ 
the shorter the duration, ‘the larg ger will be the area that seems to be statistically 7 
‘homogeneous : and the ‘smaller will be the area covered by an individual stor m 
It has already been showr n27 that a larg ge area of Mid-W estern United States is 
_ statistically homogeneous with regard to the frequency of certain extreme storms - 
of 5-min to 120-min duration, although not so with regard to the frequency of | 7 
less intense storms of the same duration. Table 2 shows how, in the Iowa and 
‘Carolina _qudarangles studied | by Mrs. Clarke- Hafstad, the value of N, 
"decreases rapidly with an increase in intensity; although a 1-in., 24-hr storm — 
in Towa affected m more than 7 stations, a 4-in., 24-hr storm affected only one 


‘station. . An examination of storm maps oil: as Fig. 1 serves to confirm the 


_ Nore. —This paper by Katharine Clarke-Hafstad was published in November, — 1940, Proceedings. 
: Discussion on this paper has appeared in Proceedings, as follows: January, 1941, by Paul V. Hodges, M. Am. 
oc. C. E.; February, 1941, by Messrs. C. 8. Jarvis, and Howard W. Brod; and March, 1941, by Messrs. 
Merrili Bernard, and Charles F. Ruff. 


a ® Prof. of Economics of Eng., Dept. of Civ. Eng., Stanford Univ. 7 Stanford University, Calif. 7 


_ ““*Rainfall Intensities and Frequencies,” by A. J Schafmayer, M. Am. Soc. C. E. , and B. E. Grant, — 
Transactions, Am. Soc. C. E., Vol. 103 (1938), p. 344.0 
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Discussion 


x that, the eater the intensity, the smaller will be the area that a storm 


areas may be to better estimates sal the areas associated 
with storms of various degrees of intensity. _ With regard to the v very intense 
_ storms that cover only a few square | miles, ‘these networks will provide itt 
independent station years of record in a very - short eal : 
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PLASTIC T 
PLASTIC THEORY OF REINFORCED 
CONCRETE DESIGN 


7 Pau, ANDERSEN,” Assoc. M. Am. Soc. C. E. (by letter). oo The conven- 


tional method of designing reinforced concrete is unsatisfactory. Attempts 
have been made to eliminate from the analysis the modular ratio, n. Pe 
; present, columns concentrically loaded are analyzed by means of formulas that — 

carefully . avoid this quantity. iff, howev er, the load is moved ‘slightly off center 
| 3 so as to produce combined flexure and compression, the analysis is immediately 


changed to one that makes extensive use of the modular r ratio. Therefore, the 


members. 


a The plastic theory « encourages the use of much higher steel percentages than 
the usual straight-line theory. According” to the former theory, the critical 


‘Percentage of steel required to develop the full: cette strength of 
concrete is expressed by Eq. 13. 


According to the Straight- -line theory this can be found by 


the 


equating total tension and compression; thus: 3 skjbdf/ =A, fej d, and 


compare Eqs. 13 and 43 to actual tests, beams with varying steel 
percentages were ma made up and tested at the age of 28 days i in the Materials © 
Testing Laboratory of the Univ ersity of Minnesota, Minneapolis, Minn. In _ 
each: beam the bottom reinforcement differed, as shown in Table 12. The 

compressive strength of the concrete (average of two cylinders) was 4,060 Ib 
Per sq in.; : the secant modulus of elas sticity at 75% of ultimate. ‘strength was 
3.67 X 106 Ib per sq in.; and the yield point of the reinforcement was 47,000 


_ Nors.—This paper by Charles 8S. Whitney, M. Am. Soc. C. E., was published in December, 1940, 
Proceedings. _ Discussion on this paper has appeared in Proceedings, as follows: February, 1941, by Messrs. 
. E. Grinter, and Basil Sourochnikoff; and March, 1941, by Messrs. R. W. Stewart, George C. Ernst, 
Associate Prof., Structural Eng., Univ. of Minneapolis, Mi 
“0 Received by the Secretary February 20, 1941. 
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Data PLorrep IN Fic. 14 
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No. : | No. | No. 5 No. 6 


of bars. 
Diameter of bars, in inches. . bea: 


Ibp per ‘sq in. Bending moments at failure plotted steel ratios are shown 


ink in Fig. 14. = "Critical steel percentages according to Eqs. 13 and 43 are indicated. 
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Critical Percentages 
Straight-Line Theory > 
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These tests, ited by the author, support the ‘set 
hat the: conventional theory does not permit percentages of "steel | —_— 
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‘deteetsinntion of moments sad noua should not be a a procedure | based on 
limit design rather than elastic theory. If the different: parts of the structure 


_ are designed for forces existing prior to failure it appears logical to determine — 
the distribution of these forces on the same > basis. se 


serious attention and that should call forth various suggestions for the i  improve- _ 
ment of certain phases" of reinforced concrete design. The writer, however, 
— feels that the problem i is not finally solved and that certain details should, and— 
bea: 
will, receive attention before the proposed 1 method is considered for ane: use. 
From the | viewpoint of an engineering teacher, the writer feels that, in — 
beam design, it would be very difficult to substitute a rectangle for the present — 


“stress diagram and to tell students that. “The use of the rectangle i is merely 


a mathematical | device to approximate © the effect of the true distribution. on.” 
Most students in reinforced concrete classes have tested cylinders in concrete 


materials courses and know that the relation between stress and strain in 
concrete i is a difficult problem ; but they might reasonably expect a stress-strain | 

curve e closer to the ‘results of the laboratory than would be afforded by this 
-“device.’ Table 1 seems to suggest that, outside of the method suggested, 
areturn to the parabolic formula would be a solution in the case of beams i 


but designers” generally, recognizing the variations in the ‘material, uncer- 


-_tainties in the flexural behavior of the beam, etc., would ‘scarcely desire mh 


achange, 


_ It should be noted in the case of beams that the author’s Ss comparisons are 


made between ultimate-strength val values (see Tables 1 and 2) when what | the 
engineer desires to consider in concrete e design i is what the concrete does under 


strength, ‘the ‘etress-strain curve e approaches a line. ‘True. enough, 
plastic flow is not taken into account, but neither does: the author’s ‘method ~ 
consider the effect o of plastic fic flow under working Toads. it seems to the writer — 
that designers: have had “enough test data and experience with design, by the 
method of straight-line variation and working stresses, to warrant confidence = 
. ‘design but they do need some information on the effect of ‘Plastic flow under 
working loads. Mr. W hitney attempts to make allowance for the plastic 


flow by use ‘the but. confines his” attention to consideration of 
timate 


strengths. “At first this would seem to be desirable in these of ‘Tigid 
frames but the designer still has the moments of inertia of the members of 
ames to deal with in determining bending moments; and it would seem to 


Ba iset, to some extent, the advantages of an ultimate-strength method to use 


8 Prof. of Structural Eng., Dept. of Civ. Eng., Towa State Coll., Ames, Iowa. - 


Received by the Secretary March 3, 1941. 
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moments. of inertia. infer line variation in 


Dropping the use of working stresses would also be . objectionable | because. 
members of f all other s structural ; materials are designed or on that basis. Most 
designers have regarded the abandonment of the ultimate- strength ‘method of 
= as a very desirable step and would searcely welcome a return to that: 
method. Concrete design at present, with available curves, “tables, 
@ cman well in simplicity with design of other materials; and this simplicity : 
= similarity in design methods to methods used in other materials i is very 
= 


desirable. 
WwW hat. the writer has stated thus f far applies principally to beams. | b. 
ima recognized fact that structural engineers have gone far in considering 
plastic flow in f formulas for columns*! carrying concentric loads. ‘Stress 
on distribution over the section of a concentrically loaded column, howev er, is a 


that the a beam. The t ‘unit, stress: in 1 the concrete 


it presents a major problem. 


under combined direct stress and moment. dona ‘made, with the idea of 

_ determining strain distribution under working loads. With the distribution: 
of strains deter mined, it it might | be possible to ex extend the work of J. R. Shank, 
 M. Am. Soe. C. E., and others to the determination of stresses with plastic 


flow taken into account. 


‘The e aforementioned method might be e used in the case of beams, possibly 


by arriving at some method | of adjusting the value of n n so that the present 
"convenient method of. design might be more satisfactory. 


61 Final Report of Committee 105, Reinforced oe Investigation, Proceedings, Am. Concrete Inst., z 

82‘*The Mechanics of Plastic Flow of Comesete, by J: &. Shank, Proceedings, Am. Concrete Inst., 
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REACTION BETWEEN CEM [ENT 
‘AND AGGREGATE 


ion 


By MEssrs. HUBERT Woops, AND N. T. STADTFELD | 


vides, for the first adequate of of bating 


eases of concrete deterioration that have occurred in the coastal region 

California. dl It also provides new incentive for a more - comprehensive study 

“of aggregates: in | their relation to cement composition, There | is great need 


is well understood can n intelligent ‘steps ol taken to forestall or prevent it. 

It would be as unreasonable to conclude that all agg sregates will eile: 
-expansively with alkalis in cement as to conclude that only those squregaton 
_ peculiar to the coastal area of California will do so. The widespread satis- 

factory behavior of concrete, in general, attests the fact that such troubles | 

are not omnipresent, and where local aggregates and cements hav e had a 

long record of satisfactory performance there is no reason for alarm. On| the 4 

other hand, with aggregate from a new source, without adequate history of 

= mance, a thorough study i is netted, and there i is great need of a + rapid 


“reaetion with alkali. 


In cases where only ag aggregates are like 
give trouble through reaction with alkalis i in cement, it might be concluded 
a simple solution i is is to put a a limit 0 on 1 the a alkali content Of cement. a As 


satisfactory. solution. is not economically desirable. All cements 
‘made in the United States contain more or less alkali, not by intent but | by 
_Teason of the fact that nature has put alkali-containing minerals in practically 


Nore. —This paper by Thomas E. Stanton, M. Am. Soc. C. E., was published in December, 1940, . 
F | Proceedings. ‘Discussion on this or has appeared in Proceedings, as follows: February, 1941, by R. W. 
Carlson, Assoc. M. Am. Soe. C. E.; and March, 1941, by Bailey Tremper, Esq. 


[  Chf. Chemist, Riverside Co., Riverside, Calif. 


Received by the Secretary March 7, 1941. 
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STADTFELD ON EXPANSION OF CONC RETE Discussions 

all clays ‘and shales used in in cement making. 7 ‘The alkalis are partly, but not 
| wholly, volatilized in in the rotary kilns. | In order to reduce the alkalis in his 


‘cement, the manufacturer may have to use other raw materials containing 


(omer 
less of the alkali minerals, and these may be very difficult to find and very 
expensive to use. It would be highly desirable to’ find | some inexpensive 
‘means, perhaps by additions s to the cement, w hereby the expansive pert 


Ww means would : se m to 


Stanton has made a contribution, on a painstaking ‘investiga. 
tion. He eliminated all other possible factors tie in definitely the dis 
Integration of coneretes containing certain aggregates with the alkali content 
of the portland ‘cement used. 
- _ Although they are present in small quantity, the a alkalis, nevertheless, have 
bee een under suspicion for a number of years. In 1929 the late Thaddeus Merri- - 
s n,8 M. Am. . Soe. C. E., gave the results of an an extensive e investigation, which 
= led him to conclude that the rate of formation of the hydration products 
obtained when water is added to cement is dependent on the alkalinity of the 
“solution. _ Within a certain zone of alkalinity, hydration is : is slow and orderly; 
but) alkalinities either above or below this range were found to increase the 
rate of hydration. — ‘Thus the addition of calcium chloride to the mixing water, 
‘which lowers the alkalinity, will accelerate the hardening process. Similarly, 
the addition « of sodium hydroxide, which increases s the alkalinity, not only’ 
speeds up the hardening process but increases the maximum hydration tem- 


perature, as measured by a calorimeter i in which a cement paste is ee 


the City of New Y ork.* to the. extent ‘of ‘million barrels 
at 10 plants, complying with these se specifications, has now been delivered to. 
sie sections of the Delaware ai aqueduct. The principle involv ved in 
restricting the alkali content to obtain a uniform rate of hydration and to 
protect | men against alkali burns when they work the wet concrete is different 
from the p principle involved in restr icting alkali content because of the deleteri- 
ous ef effect on the concrete when used i in conjunction with certain : aggregates. 
Nevertheless, the fact r remains s that a well- defined beginning has been made to 
‘produce, consistently, a portland cement of a low-alkali type; and therefore, | 
_ experience gained during four years of procedure may be of f interest. a 4 


is true that, whereas the confine their restrictions 


Div. Engr., Board of Water Supply, New York, 

12a Received by the Secretary March 10,1941. 
‘‘Cement,”” by Thaddeus Merriman, Paper No. 308, Proceedings of the ‘the We orld Engineering Congress, 


as 6 Specifications for Cement, , Board of Water Supply, City. of New Y ‘ork. ke 
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BWS cement. show a close. In addition, some records from. 
plants | not making BWS cement, which were made available to the writer, 


. also show substantial correlation. - In « every case, cement pa passing BWS speci- 


fications would have been under the 0. 7 Na:O limitation, and cement failing - . 


in one would have failed in the other. 


Table 6 gives the results of a series of tests run at one of the plants > which 
| consistently meet the BWS specifications. _ The raw mix was kept constant. 
Tr. and, as the temperature was lowered, samples were removed and alkali de- 
a. terminations made. Although no accurate record of the temperatures = 
“a 
made, ‘the s were in accordance with descending temperature. 
n 
ALKALIS WITH 


1.20 | 1.70 | 1.80 | 1.80 | 3.95 | 3.95 | 11.30 | 11.40 — 

0.16 | 0.20 | 0.17 | 0.18 | 0.23 | 0.19 | 0.19 | 0.31] 0.29 

0.26 | 0.27 | 0.29 | 0.28 | 0.36 | 0.36 | 0.55 | 0.72| 0.79 : 
0.38 | 0.42 | 0.41 | 0.41 | 0.53 | 0.49 | 0. 0.65 | 0.91] 0.95 


J. Lawrenoe San 4isa of Sample 33 and Sample 6 is a duplicate of Analysis,” 5 Merriman 


os 


je It is apparent that potassium can be more readily eliminated by tempera- 
ture increases sodium; this was to be expected as ‘potassium compounds 
Mr. 


‘volatilize at lower r temperatures. Note the decrease in potassium content from 
0.79% to 0. 26% ‘and the decrease in sodium content from 0. 29% to 0. 16%, a 


) of _Tatio > of more tl than 3 to 1 for the e potassium to a ratio of less than 2 to 1 for the 

ade sodium, Also’ note that, as the author’s limit of 0. 5% (total alkalis) is ap- 

| to “proached, the titration value of 3.5 for the BWS specifications is similarly 

| a reached. ‘The method of determination | is described in the specifications, as 

| to follows: 

eri- “The alkalinity of the cement shall not be greater than 3.8 and its 

las content of free alkali shall not exceed 3.5. These characteristics shall be 

ites. = determined as follows: Weigh out 800 grams of cement and put into an _ 

ea enameled saucepan with 500 c.c. of distilled water. Stir frequently for 
ib _two hours, then filter through large folded filter paper for 10 minutes. If_ 


‘filtrate is not clear, refilter. Titrate 25 c.c. of the filtrate with N/2 HCl, 
using methyl orange as the indicator. The number of c.c. of acid required 7 


to neutralize the filtrate to the methyl orange end point is the measure of © 
_thealkalinity, 


“The free alkali content of the cement shall be determined as follows: 
Measure out 100 c.c. of the filtrate obtained in the alkalinity test of the pre- 
ceding paragraph into a small beaker, and add 30 to 35 c.c. of a saturated © 
filtered solution of Ba(OH).. Let stand, filter and wash with H,O. Pass 


- COs into the filtrate for five minutes. Let stand, filter and wash the 
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sodium oxide (Na), as the criterion of fitness. In his investigation these two 
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precipitate with H, Heat to boiling and, if a precipitate forms, filter 
out. Then boil the total filtrate plus wash water down to about 50 c. C., 
filter it and make it up to 100 c.c. with distilled water. Now take 25 
c.c. of the solution and titrate it with N/2 HCl in the presence of methyl 
orange. The number of c.c. of the acid required to neutralize the 25 c.c. 
to the end point of the methyl orange is the measure of the free alkali 

content. Both of these tests are to be made at room temperature.”’ anes 


Close correlation holds true at other plants meeting the specifications. — 

The « opinion ‘may be ventured that this is due to the fact that in all cases the 
so-called “flue dust”’ is discarded. ‘Flue dust” is the fine material blown from 
the rear end of a rotary kiln and caught un under waste-heat boilers, in precipi- 


tators, or by other means. — In many eases it is fed back to the raw mix and | 


sometimes to the finished _, In the former instance ‘it builds up the 


alkali. content, ‘occasionally to such an extent that even with high tempera- 


fuel and lowering of quality. . In the latter ¢: case it tends to increase the alkali 


“content, of the cement and mainly the non-water soluble alkali content. | 


7 Had the paper ir included such items in the history of the clinker as burning- 
7 zone ‘temperature, speed of kiln rotation, subsequent treatment ‘of the clinker, 


a >= a notation as to the disposition of the “flue dust,” ” additional and valuable 


q deductions might have been made. 


_ A plea is made here for placing restrictions on water- soluble s alkalis rather 


tures it becomes: impossible to clinker the mix x properly, thus’ ‘causing waste in 


‘simple and excellent checks are obtained between laboratories, whereas de- 


ter mination of the latter is laborious (33 days for an experienced chemist) and : 


checking between labora: atories is difficult. 


ss Regardless of the form which the restrictions on alkalis may take, however, 


gome additional burden is likely to be placed on on producers, as disintegration of 
parts of of the Parker Dam” in southern Arizona has been traced recently to the | 
e action of. the alkalis i in the ‘portland ‘cement ot on a hydrous silica. 
== in the aggregate, ; an aggregate which had passed all known tests for 
durability. . A trend may well be > expected ti toward the > incorporation of low 
alkali content i in future specifications for cement as a safeguard against possible 
disintegration. WwW ith this in mind a review of some of the difficulties en encoun- 
tered i in manufacturing ‘such cement may be of value. 


All BWS cement is made from well-burned clinker assured by: 


Insistence on continuous high temperature (about 2,700° in the 
burning” zone of the kiln, as ‘recorded by placed outside and 
front of the kilns; 
(2) on regularity of kiln rotations with the | 
ional rise and fall of the temperature; and 


_ (3) Insistence on satisfactory performance in the “sugar te test”’ which indi- 
cates the degree of completion with which the various constituents i in the clinker 


14 See minutes of December 6, 1940, meeting o of Con nmittee C- “1 on cement, 8.T.M., p. 


5 ‘than on the total alkalis, because the determination of the former is : extremely 
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STADTFELD ON EXPANSION OF ‘CONCRETE 


“The sugar solubility of the cement shall not be greater than 8.0 to 
the phenolphthalein end point, nor greater than 10.0 to the final clear 
point. These values shall be determined as follows: A sample of about : 
100 grams of the cement is passed through the 200-mesh screen and put 

‘into a glass bottle closed with a rubber stopper. From this bottle 15 _ 
‘grams are then weighed out and placed into a Nessler tube containing 100° 
ac ce. of a 15-percent. solution of cane sugar in distilled water (commercial 
a anulated sugar such as ‘Jack Frost’); this solution shall not be more than 
three days old. The tube and its contents are then quickly shaken | by 
hand and placed on a wheel revolving about 60 times per minute. At the 
end of about 1 hour and 50 minutes the mixture is poured into a filter — 
paper and funnel and allow ed to filter for ten minutes when the beaker | 
“containing the filtrate is removed. (In case the filtration time of 10 
minutes is too short to produce a volume of filtrate of 30 c.c., it may be 
lengthened by shortening the time of shaking, but the total time from the 
putting of the sample into the solution to the end of the filtration must be 
exactly 2 hours.) Twenty-five c.c. of the filtrate is now titrated with 
N/2 HCl in the presence of -phenolphthalein and the number of c.c. of 
acid to the end point is the first measure of the sugar solubility. At 
this stage of the test, in the case of a thoroughly burned cement which 
7 _ has been kept dry, the solution will be practically clear and only traces — 
of ferric oxide and’ alumina will be in suspension. In the case of an under-— 
- burned cement, or one which has been exposed to moisture, the solution 
will be heav 7 clouded and the end point must be approached slowly and 
_ with caution. When so performed, the phenolphthalein end point can be 
_ definitely determined, as the color changes from light pink to yellow. 
~The titration is then continued until | the solution is crystal clear and ~ 
‘nothing remains in suspension. The total number of ¢.c. of acid from the — 
beginning of the titration to this final clear point is the second measure 
- of the sugar solubility. This test shall be made at room temperature. — 
“In addition to disclosing the quality of the cement as above stated, this - 
test further indicates the character of the hydration products w which 1 will 


be realized in the completed concrete.’ 

most cases adherence to principles (1) to to (3) 1 in a of 
satisfactory alkali content. - How ever, it was found in a few "of the plants that 
with proper burning and low sugar-test results the alkali content was higher 
than allow ed by the specifications. After 5 some e experimentation it developed 
that, Ww here potassium » was present, shortening of the burning flame and con-— 
“sequently impinging it on the hot clinker | bed would drive off "this element. 

This could be noted through blue glasses, w which showed - up the unmistakable 
“purple hue of potassium vapors. 

W here even this technique was insufficiently effective, probably | due to o the 
presence of larger proportions of sodium (which, as prev ney mentioned, does 
hot respond as well as potassium), | addition up to 0.5 5% by w veight of calcium 
‘chloride was made to the raw mix, which changed s some ‘of the alkalis, in what- 
ever form present, to alkali chlorides. These volatilize easily and appear to 
be driven off completely, as: none of the resultant cement showe ed any trace of 


chlorides, but did show a large reduction in alkali content. 
— 


8 April, 1941 675 
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STADTFELD ON EXPANSION OF CONCRETE Discussions 


_ To summarize, therefore, with present knowledge based on four years of | 
"experience, the is suggested for the consistent: production | of cement 


(a) Discard all “flue dust’’ and incidentally save on fuel; 
(b) Install pyrometers: an iIn-rotation recorders note ‘the alkali 


with varying burning temperatures; 
_. (c) Experiment. with length of flame in the burning zone; and 


(dd) As a last resort, add calcium chloride - up to 0. .5% by weight to the raw 


—_ In conclusion it may be stated that, although the disintegration of concrete, 
as found by the author and in the Parker Dam, may well be due to the action of . 
: - alkalis in cement on localized aggregates not generally encountered, the limita- 
tion on the alkali content should be encouraged - in any case for additional 
_ safeguard and the production of a decid of a decidedly better ter product, as outlined in the 
first part of this — ‘ 


i in alkali content: 
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ANALYSIS OF STATICALLY INDETERMINATE 


‘TRUSSED STRUCTURES BY SUCCESSIVE 
-APPROXIMATIONS 


Discussion 


HARLES| LIs,* M. [. Am. Soc. C. letter). —There are e three 

principles by which a indeterminate structure may be analyzed: 

(1) Principle of w ork ; (2) principle of least w ork; ; and (3) principle of deflections. 

 _™ first two are essentially mathematical abstractions of horse- and- buggy 

days. They do not permit physical conception or space perception, ‘so helpful 

in the seaimninens of stress analysis. sis. The Principle of deflections is far 


 =0.628y 


=0.778r-0 778y 


> 


Superior, analysis may be by at least three methods: (a) Area- 
mn oments ; (b) expression of moments in terms of angular rotations of joints : and © 
- members (nnecelly known as the ‘ ‘slope- deflection method ); and (c) moment 
distribution. The two latter methods are most easily derived by the area- 
"moment method which the writer considers the closest to fundamentals. - 


 Nore.—This paper by O. T. Voodhigula, Jun. Am. Soc. C. E., was published in January, i941 1, 
Proceedings. Discussion on this paper appeared in in as follows: : March, 1941, by Francis 


Castleman, Jr., Assoc. M. Am. Soc. C. E 
G Prof., Structural Eng., Purdue Univ., West Lafay ette, ‘Ind. a a 


a Received by the Secretary February 3, 1941. : 
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ELLIS ON INDETERMINATE STRUCTURES | ‘Discussions 


= 
The principles | of work and least work were the only ones available for an 
Som ‘solution of statically indeterminate trusses until the “Williot Strain. 
Biquations™ were e discovered by the when n computing the tower ‘stresses 
in the Golden Gate Suspension Bridge. 


‘TA ABLE 4 ED Stresses FOR 
MEMBERS 1 ID 


and the stresses due to tel | 
and y, respectively, in the re- 


+1.075 —0.6282| 5.97| + 6418 3.7492 FR 
$0333 18 15| 4 6044 9(6). The he combined stresses 


3-15 
20.778 |18.76 | 14.506 — 14. 595 for each member are given in 
+ (24.10 | —10.315 +24.100 

24.10 Table 4, in which s represents the 


—0.806 0.628 y 
; s and A the strain. Hence, 


+0.538 —0.628 y 
—0.333 
+0.428 + 424. 100 
4.10) +24.100 


y cosec 6 equal sum of the in the horizontals multiplied by cot 6 


pt the sum of the strains in the amie or 


+ Ay cosee = Acs) cot 8 + Agr + Aso... 


407 x + 


+ 0.2 


0.2007 — 0.1514 


in Eq. 15a and : = in "Eq. 186; then: 


9**Simplified Analysis of Frames,”’ by Charles A. Ellis, Engineering 
April 26, 1934, p. 534; also ‘*Williot Equations for Statically Indeterminate Structures,” by C harles A 
Ellis, Transactions, At c. C. E., Vol. 100 (1935), 


ere 
an 
— Re 

stresses in the necessary 
5-6 pr 
8-9 
7-38 

san 

ber 
< 
not 
Substituting from Table 4, 

: 3 (—10.315+48.2 x) 1.285 = (2.074 — 7.134 x) 0.8065 ' arg 
6.044 — 28.716 — 14,595 y whe 
pnd 
4 + 48.2 y) 1.285 = (—1.132 — 7.134 y) 0.8065 
. and y = — 0.2483. Eqs. 13 may be written in the form § 
ys 5b) Prin 
one with leisure time 1 
mations, as follows: Assume _y 
— 


ELI ELLIS 0 ON INDETERMIN ATE STRUCTURES 


April, 19. 

= — 0.2097 in Eq. 15a 


t= + 0. 2175 t= + 0.2492; and y= ).2426. 


Repeat this pi process three times and the successive values appear: 


 =0.2426 
70.2474 


- 


ton on solutions by successive approximations seems relevant. _This 


moment- method* wd successive approximations as a tool 
and ” is an exceedingly efficient tool, especially 1 when the unknowns are numer- 
ous. Moment distribution has no monopoly, however. Slope-d deflection equa- 
arth invariably have the same peculiarity that renders them susceptible to the 
same rapidity of convergence w hen solv ed by s successive _ approximations, as 
moment, distribution i is used. 
~— Consider a any pr roblem in which rotation of joints, but no rotation on of mem- 
bers, is assumed and solve moment distribution. Then solve by slope 
deflection using successive appr oximations in the solution of the equations and — 
note that identical numerical values a appear in both methods. 
a When the unknowns are numerous, the method of successive approximations 
is an exceedingly efficient tool; but for many writers it has become a toy to be 
used whenever and wherever sunita. For example: In a box culvert having 


large fillets with increasing moments of inertia at the ends of the n members, 


én convergence, the solution of fo four deflection ‘equations 
is the to be eferred. 
-called rigid frame—the two- 
“hinged reinforeed conerete arch. pwd and only one elastic equation" 
4a) “is required for finding the « corner r moment for each condition of loading, whether © 
4 dead or live. . The solution of such a problem, containing but one unknown 


4b) “quantity by any method w here successive approximations may or can be used, 
Is something fancy, and, if one reveres mathematical ac raped the elastic 


‘slope deflection and omens it distribution ai are to do so. 
inally the writer expresses doubt in the author’ cone relusion that 


principle of wor ork combined with successive © approximations is useful in a better 


under standing of the structure. 


oat ‘Analysis of Continnen, Frames by Distributing Fixed-End Moments,” by Hardy Cross, M. 
»C.E., Transactions, Am. Soc. C. E., Vol. 96 (1932), p.1. 


ag wo Hinged Rectangular Arches Having Variable Moments of Inertia,” Bulletin No. 79, Eng. 
Station, Purdue Lafayette, Ind. 
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PEERY ON INDETERMINATE STRUCTURES Discussions A 


Davip J. PEERY, 10 Jun. Am. Soc. C. E. (by letter). A method of 
-alyzing indeterminate trussed structures is presented in this paper 
that i is similar to modern methods of analyzing continuous beams and rigid- 
frame structures. The ; author out that for trussed structures it ‘seems 


‘than to use direct methods of successive ¢ approximation in distributing stresses, - 


The simultaneous equations are set up by customary methods, therefore, anda 
method of successive approximations is applied to their solution. 
The method of solving the simultaneous equations is essentially the method 
“of i iteration, or successive substitutions. - It has been in use for some time by 


ia 


structural engineers for the e solution of similar types of obtained 
distzibution For equations in pong convergence. of ‘the proposed 
_ method i is rather slow, the method proposed by George H. ‘Dell, Assoc. M. 
Am. Soe. C . E.,3 in which a series summation is used after the first a 
of substitution, will materially reduce the labor involved. 

_ The examples chosen by the author yield systems of simultaneous linear 

~ equations i in which the coefficients belonging to the “principal diagonal of the 
matrix are much greater than the other coefficients. 7 ‘The solution of such 

equations by successive approximation converges rapidly. Most. problems i in 
indeterminate analysis : are of this type, or can be made so by a a proper 8 selection 
of the : redundants. — In Example 2 2, for instance, the redundants are such that | 
the equations | are much simpler am for the general structure with | eight” 


-redundants. the | expressions of Eqs. 3 are expanded, they yield, for the 


case of a structure with redundants: 


| 
3 Xa Scat Sect XddcatXe Beet X bes Seg t X hOch | 


Xa Seat Sect XadeatX Sect X Beg Xnden 

Xana tX +X bre +Xadna+X- SretX Sra + 


Substituting the numerical values from Example 2: 


+0 
—169.60 =20.45 Xo+93.86 2045 + + 0 +0 


: 
0 $20.45 X5+112.86 Xe+ 2045 Xe+ O +0 
206.90= 0 = + 20.45 X-+123.68 Xa+ 20.45 +0 +0 (17) 
—206.90= 0 Xa+123.68 Xe+ 2045X/+ 0 +0 


+ 11.30= 0 


+508. 60= 0 


_+336.40 = 0 

te Stress Analyst, Curtin Wriehe Corp., Robertson, Mo.; in Chg. Eng. Defense Training Courses in 
Airplane Stress Analysis, Washington Univ., St. Louis, Mo. Mo. 

10a Received by the Secretary February 26, 1941. 
ou “On a Simple Method for Solving Simultaneous Linear Equations by a Sunnnsies | Approximation 


+ 20.45 Xy+93.86 X_+20.45 Xr 
0 


+ +O. 4-20.45 X,+79.96 Xn) 


_ Process,” by J. Morris, Journal, Royal Aeronautical Soc., April, 1935, p. — °°} af : 
12**Analysis by Moment Distribution Aided Use of Heration,” | by A. ‘Floris, Engineering 
News-Record, June 25, 1936,p.922, 


18 ** Solution of in Structural Analysis ‘Converging George H. De 
Transactions, Am. Soc. Vol. 104 (1939), p. 1543. 
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in an enormous of the e solution. 
The solution of Eqs. 17 is quite easy by the common methods of elim tion 
or determinants, whereas, if none of the coefficients of Eqs. 16 were zero, “4 
solution would be quite laborious by successive approximations, and practically 
impossible by elimination or determinants. It seems obvious, therefore, that 
it is more important to select the redundants in such a manner as to ) simplify | 


Eqs. 3 than it is to simplify the actual solution of the equations. = =—— a 


About 
24.19 
11 24.19 
Us 24 
U, 
oA 24.00 Ys 24 oo Us 24.07 Us 24.07 


LENGTHS OF MEMBERS IN FEET 


Chord Panel Points are 


11 Panels @ 24'= 264! 


25.56 39.98 
os 

Lower Chord Panel Points are 

on 800-Ft Vertical Curve 

Panels @ 24'= 264! —_____ 


(c) REDUNDANTS 
Fie. 10. —ConrTINUOUS Trep-Arca BRIDGE 


ac If the redundants are selected so that all the coefficients bmn having unlike 
‘subscripts are > ‘Eqs. will have the ‘solutions: 


| 
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_ This simplification eliminates the necessity y for solving simultaneous equa- 

ossible to obtain the influence lines for the redundants ; 

aoe as s simple deflection curves. The influence lines shown i in Figs. 7 and 8 © 
are not for the redundants X,, Xz, and : but give only the terms Sd’, “a 
: and 6a, to substitute i in the simultaneous equations, which must then be solved 


-0.433 0. 


(Panels) 
000 
ues of u,) 


 (d) Conjugate Beam Loaded With Elastic Weights 


eis possible | to select the r redundants for ar any "statically indeterminate 
‘ean in such | a manner that Eqs. 3 are satisfied. yr Although this pro- 
‘cedure is often used for the analysis of fixed arches, many engineers do not 
realize that it may be used for the analysis of statically indeterminate trussed 
structures. x The influence lines for the redundant forces may be found directly 
by the method of elastic w weights, without ‘solving simultaneous equations. 

_ The continuous: tied arch | shown in ‘Fig. 10 will be used to illustrate the 

method of analysis. | This is a threefold statically indeterminate : ‘structure: 
‘symmetrical about thes center line of the main span. | The statically determinate 
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- base sy stem is ore by ¢ cutting the structure at the center line of the arch. 
$s If the redundant forces . X;, and X, are applied at the ends of rigid brackets, 
as shown i in F 9G), the 
= 

it) 

are y satisfied. Th The ‘stresses Ua and resulting from = land 

X. = 1, respectiv ely, ‘are symmetric al with to the center of the struc- 
ture. The stresses up, resulting from 1, are antisymmetrical. The 
BD summations of Eqs. 19a and 198, therefore, will have the same absolute values 
for: the left h half ¢ of of the structure as for the e right half half, but w il ill have ‘different 
The e may be be computed from the equation, 
7 eines the numerical \ values of the stresses Ua (Fig. 11a) and Ue (Fig. 11c), 
“in terms of e, into the summation of Eq. 19¢, +, the following values are obtained: 
= - = 46. 570 e — 75. 942 = = or, = 1.6307 panels, 
” Since Eqs. 19 are now satisfied, the value of the consi X. for a load P=1 
. « us any point q on | the structure may be found as. as follows: . 
A 
The numerator of E Eq. 20a represents the deflection of any point q, resulting 
from a couple X_. = =1. This numerator is evaluated for all positions s of the 
load P by the method of elastic Ww veights. The elastic Ww veights, or angle 
for the load Xa =1 panel unit are computed : as shown in Table 5(a), Col. 1. 

_ The shears and bending moments in the conjugate beam of Table 5(a), Cols. 
ate  2and 3, represent the slopes and deflections of the actual structure when it is 
loaded with the couple The terms used it in Eq 20a may be in any units: 
ot as long as the same units are used in the aun and in the denominator. 
ed. Tn this discussion the moment arms are used in panel units, in order that the 

tly ‘moments in the beam of elastic weights (Table 5(a), Col. 1) may be obtained 
a by a summation of the shears. The numerator and denominator of Eq. 20a 


the may be multiplied by E 


‘The: denominator of Eq. 20a represents the rotation of the cu - ends of the. 
structure to each resulting f from couple . Xa = _ This term 


— 

: 
ate 
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weights for 1. Thus, from Table 5(a), Col. 2: = 2 X 97.054 
= Therefore, , the influence line for Xai is found by dividing the bending > mo- 
ments i in of elastic weights. (Table 5(a), Col. 1) 194. 108, as shown: 
TABLE LE 5—Coupurarion oF OF INFLUENCE PaneL Unis) 


ConJUGATE BEAM 


ordinate* 

dinates 


Panel | Elastic | Influence || Panel 
point weights ordinate¢ point 


| ¢ (2) 4) 1 2) | 
(a) ORDINATES FOR Xe — a"? (b) OrpINATES FOR fre 
+5.776| —0.0297 || 2.180} 431.918 | —0.0221 loa 
411.153 | —0.0575 || 2 | 5.892 | +61.656 | —0.0428 cer 
+15.462 | —0. 0797 |} | ona | 739-502 | —0.0593 
| —0.0948 9.3) 798 0.0706 Tes 
-+19.678 | —0.1014 714 | —0.0754 
+16.470 | —0.0849 19. 923 
 +9.778 | —0.0504 945 | —0.0374 
| 
—9.100| 0.0469 9 | 198 0.0406 
—22.228| 0.1145 ‘ 136.940 0.0950 | 
—43.136| 0.2222 —243.491 | 0.1688 
-s1.518| 0.420 || 12 58.19 396.130 0.2750 
-152.422| 0.785 || | 17.064] |—606.961| 0.4210 
200.949} 1.035% || Ce | .... | |=720.908] 0. 


See 


9. 422 0.0746 
q 18.194 —0.1440 —18.835 0.1491 
25.223 —39.854 | 31 
30.016 —0.2376 —62.7 725 5 0.4965 
ine: 
32.104 | —0.2543 || 12 | -11.766| 700 | 06 6705 
26.875 | —0.2126 13 —10.210 —94.909 0. inf 
15.963 | —0.1263 Ce 
« Elastic for Xe = Values of dag, » dba, or deg. Values of — tu 
a Hinged. Center cross. cross. 4 Slope of the influence line at this point = @ = tan@ = re 


in 5(0), Col. 4. ‘his influence line is symmetrical with re: respect to the 
center line of the s structure. The influence-line ordinates are shown in panel 
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units, or they represent the value of Xi in panel- kips for a load of one kip. 


The moments may be converted to foot-kips by multiplying by 24, since the 


"panel length is 24 ft. 


The value of X; for a unit load at any point q is found from the equation: } 


The numerator of this } equation represents the deflection of point q¢ resulting 


from a unit value of Xs, and is evaluated for all positions of g by the method of 
elastic weights. — These computations are shown in Table 5(b), Col. 1. The 
denominator of Eq. 20b is found as the deflection in the direction of X>, fora 
load of X, = 1; or as s twice the bending moment in the conjugate beam at the 
center line of the structure. _ The influence- line ordinates for X, are given in 
Table (5(b), Col. 4, for half the structure. They are antisymmetrical with 

respect to the center line. 
The value of X, fora unit load at any point qo of - structure is is found from 


~The numerator of Ea. 20c may be evaluated by the method of elastic weights, 
as in the computation of the influence lines for X, and X,. The denominator, 
however, represents the horizontal deflection of the point of application of the 
and must be by summation. rid the values 


the influence line for Xe are This line i is s symmetrical 
_ with respect to the center line of the structure, and is shown for half the s struc- 


in 5), Col. 4, 
all the members of the structure may be found from the 
‘nfuence rs of Cols. 4, Table 5, by ‘simple statics. © Obviously, it is not 
‘necessary to solve. simultaneous equations : at any point in the analysis of 
‘structure. G. G. Kriv oshein™ shows that all statically indeterminate 
_ tures may be analy zed without the solution of simultaneous equations for the — 


-Tedundants. Although the symmetrical continuous tied arch is readily 


: analyze zed in this manner, there are some types of structures in which it may be 
as laborious ; to select the redundants so that they satisfy Eqs. 18 as ‘it is to - 
solve the simultaneous equations. The for structure in 


ample 2 2, for instance, may 
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vanish, and it probably would not be desirable to compute the redundants so 

3 hat 56 of the coefficients vanish in. order to satisfy Eqs. 18. _a el 
ad Acknowledgment —The continuous tied-arch bridge analyzed i in this dis- 
Besos is probably the first structure of its type in America . This bridge was: 
constructed in 1940 over the Meramec River near St. Louis, , Mo., by the 
Missouri ‘State Highway Depar tment. ‘The data on this structure "were 

- furnished through the courtesy of Howard Mullins, designer of the bridge, and 


N. R. Sack, bridge > engineer | of the Missouri State Highwa ay Department. - 
Corrections for Transactions: January, 1941, . -roceedings, in Table 1 (a), 


--values of s, change “—0. 807 and —1.074’ to 806, and +t 074, respec-_ 
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IN SEA ‘WATER: A R REVISED 
‘VIEWPOINT NEEDED 


Discussion 


Messrs. W. F. WAY, AND GLENN S. 


F. Way," M. Am. Soc. .C.E. (by letter). 14a —It i is writer’ impression 
that Mr. Hadley’ s s paper is timely. _ Too long it has been. thought | that all 
concrete, good or bad, deteriorates i in sea- water structures, the deterioration 
being due to dacsieel ‘reaction between the sea water and the various ¢ com- 
pounds in the hydrated cement of the concrete. The writer agrees quite 
heartily with the conclusions in the paper. In fact, one cannot come to any 
_ other conclusion w hen observing in the same structure both sound and un- 
sound conerete in close pr oximity. Concrete that was placed, probably, , from 
the s same bucket or buggy—that is, concrete that has been under the same 
- exposure—is found partly sound and partly unsound. Surely the difference is 
J 
‘not due to chemical action. True it is that concrete structures in sea water 
do not enjoy a flawless record; but it is also true that the real al causes of unsoun 
concrete have not bene onpleined by the allegations of sea-water attack. 
4% The writer once had occasion to repair the substructure of a reinfor ced 
‘concrete pier w hose ‘supports were cylinders 4 ft in ‘diameter, belling out t a 
bases of 13-ft diameters. . In the original cylinder construction, a timber shell 
form was made that was placed over a pile cluster previously driv en, and w hen - 
in place the marine ooze was pumped out and the base was sealed with a tremie : 
plug. - The next step was to dewater the form and to place the reinforeing 
steel. ‘The and were completed a concrete 


later after had eaten aw: ay the wooden (w hich all been 
left i in place) the concrete began to ravel away. _ The repair contract required 
all work to be done in the dry, which necessitated the use of a pneumatic caisson. 
This caisson enclosed the cylinders successively, one at a time, from high water 


to the mud line—about 45 ft. _ Thereby an excellent opportunity was afforded oe 
to study this concrete after its fifteen years ‘of service. The typical case 


Nots.—This paper by Homer M. edie, Assoc. M. Am. Soc. C. E., was published i in January, 1941, 
Proceedings. Discussion on this paper has appeared i in Proceedings, as follows: March, 1941, by Thomas 

is 4 Vice-Pres. and Supt., Stuart Cameron & Co., L td., Stillwater, B..C., Canada. 

Received by the February 19, 1941. 
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688 WAY ON CONCRETE IN SEA WATER Discussions 
_ show ed | lenses of mud through the base of tremie concrete, above which was a 


very lean | concrete in the shaft capped off with a plug of solid laitance sestiied 


6 to 12 in. thick. iow ieaa areas of good solid concrete were encountered. 

: can be appreciated that this “ “failure of concrete’’ was due solely to a 
workmanship, although the impression gained by 1 many was s that an inherent — 
Ww eakness of concrete when exposed to sea water had something to do with 


- an ‘The design of ma ine structures is a most important factor in determining 
a the amount of ‘maintenance that later will be required. — Generally, prenesedl 
have the: option of using concrete piles. or concrete cylinders i in supporting pier 
decks. W ith concrete piles it is is almost certain to be specified that all cracked | 
piles. shall be pulled and replaced with sound piles. Considerable controversy 
may arise | over this point and therefore a brief description of a project in which 
3 ,500 piles were driven may be apropos. 
_ aes The piles on this job were 16 in. .by 1 16 i in. for lengths as great as 60 ft, and 
18 in. by 18 in. for 60-ft to 80-ft lengths. — All piles were driven with a double 
hammer on a floating rig. ‘These piles were carefully designed; the 
materials used were certainly of the highest quality ; and the workmanship 
throughout, including curing, was in accordance with the \ very best. re 
(1933). .- When the piles were placed in in the leads of the driver, no signs 0 of cracks 
w ere visible. . | After they were driven each of the 3 ,500 piles was inspected by 
inspectors in diving suits, , and ‘it was found that practically every one had 
developed cracks during. driving. Only at the inshore and in shallow water 
where the piles were shorter (about 40 ft), and the unsupported length during 


driving was 20 ft or less, were no cracks observed. Since it would have been — S 


beyo ond reason to. expect the contractor to pull woe piles and drive others, a 
distinction was made on this project between a “cracked” pile and a “broken 
pile,” under which it. ‘was considered that. only such’ piles as were ‘incapable of 
r acting as elastic members would be rated “broken.” — Of the total number 
driven, about 60. piles were « definitely. “broken” and had to » be replaced. > 
In Teaching this decision about ‘ ‘cracked”’ "piles an investigation was made 
of the piles i in an n adjacent existing strueture, built fifteen years previously. 
: _ The marine growth was removed and the faces of the piles were inspected care- 
> fully i in an effort to locate cracks similar to those e developing « on the present job. 
As expected they were found; the ‘concrete © ‘was then chipped back along the 
cracks, and in all cases the cracks were found to be opposite | the reinforcing J 
ties binding the vertical bars. ‘ They wer were all tight, and n¢ no signs | s of corro rosion 
_of either the bands or the main steel were ‘observed. 


it was definite that, these cracks, which occurred opposite the bands, 


-water helmet was used, being ‘permitting freer 

around the pile. urthermore, the large face ‘plate excellent vision. 
4 After a pile was in the leads, the inspector, in a shallow-water suit, climbed on on 

a the pile, keeping under the barge as much as possible to protect himself from { 


falling : spalls. - After a few blov ws the cracks would be observed forming, a and as 
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_PAXSON ON CONCRETE IN SEA WATER 


riving proceeded the cracks would start to ‘ ‘spit” out the we material — 


ground up by each blow. _ In many of the piles there would be a crack opposite od 

cock reinforcing band. The conclusion was that as long as the bond on the 

- main vertical steel was practically unimpaired there would be sufficient ground- 

up material remaining in each crack to re-cement itself and to protect the steel, 

and that the pile was as good as as could be obtained. It is the writer’s opinion © ‘ 
that it is impossible to drive a p pre-cast reinforce ced concrete pile, as now being 
made, without developing these small fine cracks, especially w when the length i is 
onnnd 35 to 40 ft from the mud line to the water surface. It is his further 7 
opinion that ‘such fine cracks aren not harmful if the concrete of the pile is of 
good quality, but that they are dangerous if the concrete is of poor quality. 
depends on “what kind” of concrete cracks. 

Many instances of poor concrete have come to the writer’s attention, 

~ occurring both in fresh and salt water substructures, and also many examplesof __ A 
good concrete have likewise been observed. One that might be mentioned i is a 
small sea wall built along the beach of Elliott Bay at Seattle, Wash. _ This wall 
isd 5 in. thick at the top and 7 in. at the base, and 5 ft high." The elevation of 
‘the top is at extreme » high —_— ‘The w wall is reinforced at t the center with : = 7 
Hin. round | 
and shoveled | up 1p from the beach, which at times ‘contained a con- 

siderable quantity of sea water. _ The cement content was 6 sacks per cubic 
“yard. _ The exposure is very severe and the wall has had to stand much pound- — 


i from both waves and drift. The wall is now (1941) thirteen years old and | 


the only — of distress are those due to erosion; no chemical deterioration — 


given in the in- 
cludes some in British Columbia, ° W ashington, and 1 California. ‘The writer 
would add to this list the structures. along the entire 400-mile length of the 
Oregon Coast Highway. Frequent inspections of all highway | structures Ss are 
‘made for maintenance | purposes, , and no example of disintegration due to 
chemical action of sea water has been found. — _ These structures are not as old 
those cited Mr. Hadley—the oldest dating from 1920—but, if chemical 
“action is taking place, some evidence ‘should be apparent after 20 years o of | 


es ‘Every indication points | to abrasion rather than chemical action as the | 
cause of a any disintegration. — It is noted that concrete members i in deep water, — 
where little or no sand is carried by wave action, retain the surface film of rich - 
‘mortar and show the form marks. Piers and walls | in shallow water or in 


the tidal range have this film worn away y and show a granular. texture. _ The 


15 Bridge Engr., State Highway Comm., Salem, Ore. 


Isa Received by the Secretary February 26, 1041. 
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Gwenn §. Paxson,'® Assoc. M. Am. Soc. C. E. (by letter)..°*—Mr. Hadley’s 
en [§ excellent paper on the resistance of concrete to disintegration in sea water Eee 
of should find an appreciative audience among engineers who are working along __ = 
yer (the seacoasts. He should, indeed, be commended on this summary of his © i 
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4 concrete i is hard and firm, and it can be assumed that this slight wear is due to 
the sand carried in the water rather than to any § solvent or r disruptive action 
the sea water itself. 
iv The enlar gement | of gravel pockets, laitance seams, and construction joints 
is ; the result of this same abrasive action. E: ples of ‘such st C 
* have not changed after 20 years of exposure to quiet s sea water are common. 
The excessive > rusting of inadequately protected reinforcing steel in sea 
7 spalling of the concrete incasement i is often ap- 
- parent. 2 _ Adjoining bars with ‘he same exposure, but with adequate protection, 
show no rusting. y This disintegr ‘ation is certainly not chargeable to any solvent 
or disruptive action in in the concrete itself. 
The writer is in “complete ‘accord with Mr. Hadley’s conclusions that there 
is no evidence of any s solvent ¢ or ‘disruptive attack by sea water on properly 
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DISCUSSIONS 


HYDRAULICS. ICS | OF SPRINKLING SYST EMS 


Discussion 


R F. P ILLSBURY, Assoc 


= 


‘Soc. 


AM. 


ARTHUR F. Prutspury,® A 8 Assoc. M. Am. § Soc. Cc. E. (by letter). “In Cali-— 
fornia, sprinkling | sy ystems for irrigation often have failed to perform satis- 
factorily because of faulty design, failure to obtain good distribution character- 
isties for the sprinklers » with the spacings prov ided, and failure to interpret, 
- properly, the limitations of the soil in | absorbing tl the precipitation. — T herefore, : 


the excellent dissertation by Mr. Christiansen, based on a wealth of experi- — 
mental evidence, is timely. 
3 Sprinkling s systems are useful Ww here: ( (1) A high W ater level exists, and less 
uniform surface applications ‘would cause that level to 1 rise; - (2) the topsoil i is 


shallow and pervious, and less uniform surface applications would create a 


temporary water table above a subsoil of different texture; (3) the ‘soil is 
extremely | pervious resulting i in waste of water in par ts of a planting; (4) i irriga- 
| tion is infrequent, the good topsoil is shallow, and for other reasons it is not 
practical to establish satisfactory grades for surface irrigation; and (5) ex- 
tremely light and frequent applications are desired, as with some ‘pastures, 
Tn short, sprinkler irrigation is ‘useful where surface methods cannot be _ 
economically and efficiently utilized. Its use with field crops is limited to areas’ 
of high water table, or where extremely light frequent or infrequent supple- 
mental irrigations are desired, and with orchards to areas of shallow soil, 
extremely pervious soil, or unfavor able ‘topography. 
In orchard irrigation, under- tree systems are unquestionably y preferable | to 
the overhead type. - The essential s sprinkler objective is to improve distribution 
_ of water. _ With the under-tree system, the distribution is less affected by wind — 


and by the trees, it is better adapted to operation by the usual farm labor er, * é 
= 


and it should be less expensive. 


7 Nore. —This paper by J. E. Christiansen, Assoc. M. Am. Soc. C. E., was published i in January, 1941, 


8 Asst. Prof. of Intig., Univ. of California, Los Sitio Calif. 
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n water from sprinklers a are of 
greatest e with ee overhead type. used for field crops. With under- 
tree orchard irrigation, sprinklers a: are generally spaced only 18 to 24 ft apart, 
and the greatest essential is to insure approximately equal discharge of each 
sprinkler, rather than absolutely uniform distribution in each space bounded 
by four trees, which is seldom attained. A good pattern is nevertheless 
For under- tree work the slow revolving sprinklers and perfc ated pipe 
systems generally are used for low-pr -pressure (4 to 15 Ib per ‘sq in.) operation 


with medium to rates of discharge 2 to 8 gal | per m min, or bop for 


for higher p pressures ; with low to‘medium rates of discharge a to 4 ta per min), 
Fixed heads are used for high pressure (20 lb per sq in. and up) with high rates . 
= of discharge (4 to 8 gal per min) and for lower rates of discharge w hen Spacing © 
p43 is closer than usual or when exceptionally high pressure is available. — Inter- 
mediate and high- “pressure systems usually resu result i in economies: in material where 
sufficient pressure is available without pumping. — On the other hand, low- 
pressure | systems may elir eliminate the necessity of of pumping, o or may m minimize the 
pumping cost. 
_ The rate of application depends upon general farm practices or upon the 
- maximum: infiltration rates permissible without appreciable runoff and erosion. 
‘ Infiltration rates decrease somewhat with increase in the proportion of the pene 
particles of a soil. More important is the physical condition of the soil. 


bu but. powdery. dry soils may not take water readily. 7 Organic matter, such as 
cover crops and } manure, increases infiltration rates. Chemically “soft” 
waters (relatively low i in calcium or with a high percentage of sodium in in relation 


to! other cations), and s some inorganic ¢ fertilizers, may ‘tend to leave a a top sodium- - 


= 


| 


on 


may be formed by physical compaction. Cultiv ‘will 
_ improve infiltration by breaking u up and mixing such crust with other soil. 
Of frequent practical importance in sprinkler design is the fact that the 
“size of sprinkler drops (with equivalent spray trajectories) is closely correlated 

with physical compaction (“puddling”’) of the surface crust. For instance, 

on a bare soil classified® as Yolo loam, with sprinkler precipitation at a constant 

rate of 0. 59 in. per hr, a 5.4-in. depth o: of fine spray was applied without runoff, 

_ while with a somewhat coarser spray only 2.5 in. could be so ) applied. - : Relative 

size of drops was roughly checked with the Bentley technique. ” Detailed 

a are now (1941) being ng conducted by the U. S. Soil Conservation 

— Service on t the effect of drop size on erosion and infiltration. MO 

In general, size of drop with a given sprinkler i increases ‘with from 
the sprinkler, and, comparing different sprinklers producing equivalent patterns, — 

drop size decreases as pressure increases. — - This point is stressed because = 


***Soil Survey of the Los Angeles Area, California,’”’ Bureau of Soils, U. 8. Dept. of Agriculture 
cooperation with the Univ. of California Agricultural Experiment 1916. 


7 10‘*Studies in Raindrops and Raindrop Phenomena,” by W. 5 Bentley, . Monthly Weather Review, 
Bureau, U. 8. Dept. of October, 1904, Pp. we 
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TABLE 1.—For Se.ectine Sizes oF PorTABLE UnpER-TREE 


—_— Recommended Discharge per Sprinkler, at 20 Lb per Sq In., » in Gal in Gal per Min, : 


18 | 20 | 22° 
(a) 34-In., Type M, Coprer Pree—So OLDER Frrrinas 


16 | 76/45 | 31 [23] 18] 14 12 1.0 

| 68 4.0 | 2.7 |20 | 16 12 1.0 | 0.9 
60] 36] 2:5 | 14 _13 0.9 | 08 | 


| | | 62] 4.5 
... | 80 | 40] 34 


4-In., Tyre M, Pipe—Souper Firrincs’ 


10.9 | 7. 4.1 
94| 7.0 | 54 | 36 | | 22 | 
8.6| 6.3 | 49} 39] 32] 2.7]... | 2.0 | 


7Hi 66) 94139 | 341)... | 28 1.4 

SLECTRICAL ConpuiT (13¢4-IN. DIAMETER), GALVANIZED, WITH Constricrinc 
38) 28 ]22]...]... 


. (13 éa-IN. INSIDE Dramerer), GALVANIZED, 


4.5 


is 


| 4.2] 31 | 24 14 


2 


ted 10.6 |7.9 | 62 | 5.0) 41] 35]...) 26] 21] 
O5 (74 | 65 | 44) 87 1312)... 23 18 


86 5.0 | 40 33/28]... | 21 | 1.6 


27 5.7 | 44] 36] 29 | 2.5 


(9) “1%. In. G SPRINKLER iG: 40-IN. DIAMETER) WITH Qu ICK Covruncs 


86 | 67 | 54 [45 | 38 |... | 29 | 22 
7.7'| 60 | 48 | 40 | 3.4 | 2.5 | 20 
(7.0 | 55 | 44 | 30] ... 2.3 | 1.8 
62} 48 | 39 | 28 |... | 21 | 1.6 | 13 


(h) 2-In. GALVANIZED SPRINKLER (1.90-In. Insipe DIAMETER) WITH QUICK 
5.6 | 44 | 36 | 30] 25 | 22 
| 6.8 5.1 | 40 | 32 | 27] 23 | 20 
8.6 60 |... | 48] 38 | 20} | 2.0 
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- (1) That the soil was too heavy for satisfactory sprinkler use under the cultural | 
practices followed, and (2) that the condition might have been prevented had 
sprinklers with a spray been t used. It must be recognized, then, that 

_ pressure sprinklers (with a coarse spray) £ are sometimes not suitable for i irriga- 
tion of bare soils, whereas higher pressure sprinklers would be suitable. — 


"Mr. Christiansen’ ’S data on evaporation losses indicate that loss from the | 


spray is insignificant. increase in ev vaporation, as ‘compared 
with furrow irrigation, may result, howev er, from the greater ground surface 
wetted and from water intercepted by plant foliage. His data on the hy- 
-4 draulies of of sprinkler lines are quite complete. Comments on the hydraulics, 
2 havingi in mind the small under-tree units commonly used in Southern, Califor nia, 


a (1) T he recommendations of ‘Mr. Pigott® for friction loss in new steel and 
7 copper pipes are very satisfactory for use in design of 4-in. to 13-in. units, as_ 
indicated by recent tests of friction losses in ‘such pipes. 
2) Generally, the under-tree units have ‘sprinklers at each end of the line, 
and are uniformly spaced. Sufficient a accuracy is ; attained if it is conservativ ely 
_ assumed that friction losses will be one third the loss that w ould occur if the 
c fuil flow of all sprinklers was carried to the end of the line.” ew a 


Table 1 shows maximum sprinkler in 


of 1.2. The sprinklers are to be all similar, spaced, a por placed 
4 at each end of a unit. - Spacings that are not included can be interpol: ited. 
In Table 1, “approximate lengths of pipe that can be dragged readily by one 
"man, under favorable conditions, are underlined. Assuming a maximum 
allowable over-all pr essure ratio o of 1.2, ‘able 1 is satisfactory for use in design- 
ing the portable units. In ‘luded are all the various types of pipe now used for 
such | por table units. — The usual steps in designing ; a unit are: (a) Select the 
rate desired 2 to Lin. per hr); (b) the desired 


_ iit eine ft) . per sprinkler x rate of application (in 1 hr) 


— 
ter ‘select sprinkler and operating pressure; dd) determine what the discharge 


per sprinkler would be at 20 Ib per sq in. (discharge proportional to square root 
of pressure); and (e) select pipe and length of unit from Table 1. Usually 
sprinklers with devices for manually adjusting pressure at each sprinkler are 
not satisfactory for. _under- tree” systems, but whirling sprinklers ‘being 
developed which automatically regulate discharge i if pressure is greater than 
8 Ib pe per sqin. If these ese prove satisfactory, it will not be ye necessary to limit the 
pressure ratio w hen using them but simply to insure adequate pressure at the 
distal end of each unit. 


_ 6**The Flow of Fluids in Closed Conduits,” by R. J. S. Pigott, Mechanical Engineering, August, 1938, ) 

a 122**The Design of Overhead Irrigation Systems,” by E. S. West and A. Howard, Pamphlet No. 50, 


‘Couneil for Scientific and Industrial Research, ‘Commonwealth of Australia, Melbourne, 1934. 
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DISCUSSION 


VALUE OF PUBLIC WORKS _ 


== 


By! CLARENCE W. Post, M. Am. Soc. C. EB. 


Charence W Post, M. Aw. Soc. letter). “In this paper, 
r the category of p genleate | that ‘aaa fall into a class handled by the 

PWAL In New York State this has not been true; some of the largest and 
best projects that the W PA has constructed in the state have been for "water 


4 sewer systems, , and treatment plants. hese range from a small 


- dation in 1940, 437) to the iedeceaaaiin rs and treatment plant for the Ley Cook 
‘Sanitary District, Syracuse, which cost more than $ $8 ,000,000, and which was” 
designed for a population of 30,000 and a , daily ave average flow of 43 ‘million ga 
_-‘Under the WPA program, thirty-four treatment plants h have been con- 
structed and twer enty- seven plants enlarged and improved. 7 ‘Pre ojects for inter- 
| ception and treatment plants have e also b been started in many more communities. 
In addition to these plants, 1,900 miles of sanitary and storm sewers have been 
installed. Two storm relief tunnels driven’ through rock have been b quilt in 
the City. of Rochester, and a third submitted for approval. ——— 
The plans and specifications for this ty ype of work must be wy by 
| ser regular civil service employ ees of the engineering bureaus of the various 
tities, or by consulting engineers. All plans and specifications must be ap- 
nn ved ™ the Division of Sanitation, New York State Health Department, 


arge before any wor ork may be performed. 

root ne When a project is placed in operation the selection of a superintendent 

ially to ohave charge of the operation is of utmost importance. | Applicants’ personnel | 
rare ‘record and construction backgrou: nd are examined and the final determination 

veing and app approv val for r employm rment comes from the director of operations « or the 

than chief engineer of the New York § State W ork Projects Administration. 


ie One other factor helps in this type of work in New York State: Each 


t the ‘community. signs an agreement to furnish the necessary skilled labor if such 
— Nore.—This paper by J. P. Hallihan, M. Am. Soc. C. E., was published in| February, 1941, Pemsadines. - ; 
‘Deputy State Administrator & Chf. Engr., New York ‘State V WPA, Z. 
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POST ON PUBLIC WORKS 


skills | are not available fr from t the roll ‘rolls. Small bi buildings have been, and 
are being, built successfully by. the ¢ cooperation received from the s sponsors" 
who, » in many ins instances » have f furnished the bricklaye ers 3 and any ot other ‘skilled — 
artisans w ho are lacking from the relief rolls. In every instance, howev er, 


- the federal expenditures on these projects are only about 30% to 40% of the — 


4 The plants can be built with relief labor when is € d ove 


is exercised over the 
selection of key personnel to supervise the work. 
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Discussion 


BY MEssrs. LK SILVERMAN, AND GEORGE R. ‘Rich 


become axiomatic in many minds. This concept is one that deals with the . 
economy of Nature, and it is expressed i in textbooks dealing with the theory of ; 

b structures by means of the ‘‘Principle of Least Work * Pas haps it is because 
the engineer, in dealing with forces, has come to have a respect for the way 
Nature behaves. The behavior of liquids, the action of falling bodies, the 


structure of organic materials yu as bones and feathers,*° the ae minimal 


in ‘this S paper a great ray a light 0 on a that seems have 


‘seem to be conclusive ev of the e economy ‘of 
cae It is a far ery from the Ptolemaic concept: of the universe to the Principle of 7 
Teast Work of modern structural analysis, but the conflict between the theo- 
logical: and mechanical concepts | of the universe, which raged around the 
sical twinge to the ideas of the philoso- 
phers who followed Galileo. 
Pa In their studies of the phenomena of Nature the investigators of the seve 
‘teenth and eighteenth centuries attempted to explain them from the inherent 
) perfection of the Creator. It is not strange, therefore, to find the concepts of 
minimum 1 arising from the efforts of the philosophers of this age to explain the 
universe. So great has been the influence of these precursors of modern science 
that their “minimum principles” have come down through the centuries to be 
included in modern textbooks with even the argument \ of the wisdom of the 


‘Creator in for economy, in Such is the background of the 


Received by the Secretary March 12,1941. 
Science of Mechanics, by Mach, ‘The Open ‘Publishing Co. 
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dules Henri Pomeare declared that any generalization which 1s base 

xperimental results has no right to be called a principle, and an examination of a 7 aS me 
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SILV Discussions 
~ the assumptions w which led to ities s second theorem and thence to what 
is pa, but incorrectly, called the Principle of Least W ork will bear this 
i The basic assumptions are as follows, as s, as applied to er engineering structures: 


4 . The deformations produced are infinitesimal and thus it follows that the 


A linear relation exists betwi een the forces and displacements. 


as a in or the s. Ci Castigliano’ s first theorem 

- follows: The par rtial derivative of the expression for energy containing the forces 

7 with respect to any force gives the displacement of the force in the direction 

_ it acts; and, for those forces w rhich do not move because ¢ of their geometrical or 

" Lesuntiont restraints, the partial derivatives are zero. This latter result can 

be expressed as a theorem interpreting the veniening, of the derivative as a 

condition for a minimum. _ This theorem of ‘ ‘minimum ” will not hold for the. 

cases in which (a) the law of of superposition is is no longer true, and (6) the material 


not follow Hooke’s law. 


‘These conditions are purely experimental the light of Poincaré’s 

ae the term ‘ “Pr inciple” is inadmissible. Most of the materials used 

in structural engineering may be considered to satisfy the. conditions under 

which the theorem holds, and the results obtained i in practise agree essentially 


with those “predicted by the application of the theorem. 
The author has introduced a new t term, complementary energy, which is: 
“ ‘certainly né not of anthropomorphic origin. It is nothing more than a mathe- 


matical expression involving stresses or aisian which, upon differentiation with 


=~ to the stress or force, gives the corresponding strain or displacement. 
When the forces involved are constrained kinematically or geometrically the 
ensuing derivative is is set equal to zero, which is interpreted as a minimum. 


a The author has shown that in the e: case of Hooke’s law “complementary | energy” 
eoincides with “elastic energy.” 


a he only check on the results obtained by using ‘either | the ‘ ‘daw of least 

complementary energy” or ‘the ‘ ‘law of least elastic energy” is a geometrical 
one. In both cases t the equations of equilibrium — are first applied and when 
dating, a statically indeterminate structure a “minimum principle” 

used to determine the statically indeterminate : quantities. ; In the last a: analys sis 
the results obtained can be checked only by noting that the conditions s of con- 
tinuity | are preserved. - Thus the three solutions for Si of Fi ig. 2(a) can " 
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4 From Fig. 6 the deformation D, is connected with the deformations Dz and 


D; by the following equation: 


D= 2kX X 2Dz; and 


‘or <P <5 5C, 


-2k(P —X—C) 


2k (P — - — and (12 28d) 


; but it must be “admitted that a on a “minimum” 
oe as presented by the author will prove more attractive to analysts 


_ because of its economy of thought. 


in the stady ol 
is that the in is assumed to 
entirely d different from its original state. The equations of equilibrium are 
set up from this strained state rather than from the unstrained state as is done 
in all other problems of equilibrium. The question then becomes: What must 
4 be the value of the forces so that the strained state may be maintained? Two 
general methods are available that can be shown to be identical. 
_ T he first method involves the problem of the elastica—that is, the solution 
of the differential equation that describes the possible states of equilibrium. 
The second method, the energy me method, , is based on the fact that, for unstable 
equilibrium, the potential energy ry of a system | is a any virtual 
Variation from that state involv es a decrease in potential energy. _ The criterion 
by w hich the conditions of unstable equilibrium are are determined is that, in the 
transition from the actual state to one infinitely close to it, the variation of aad 


potential e energy is zero; that is, 


in T is potential energy « of One feature 

this statement is that it is independent o of the of and holds: for 

Instead of using the potential energy of the structure, the author has sub- 
stituted for it a “complementary energy” and claims superiority of the method z 
ofS ‘complementary vr over the potential energy by showing that, by the 
use of Kq. 23, based on ‘ “complementary energy,” a closer value to the buckling 
load can be obtained than by using Eq. 27, which is based on ‘potential e energy. — 
‘The reason for this apparent superiority lies in th fact that the author 
has satisfied all boundary conditions | by 1 using the expression _ M= Pz for 


the moment at any point whereas Eq. 27 utilizes the more general term 
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Mm 
Tf an expression tl that t satisfies a all boundary conditions is u 
furnishes a more accurate result than does Eq. 23 when Eq. 24 is used. #F or 


which satisfies all boundary conditions. _— Eq. 27 7 


‘Substituting this this expression in in seat 


306 


Asa matter of fact Eq. 27 has a marked superiority over Eq. 23 in that 
7 iti is perfectly general : and will hold under r all: boundary “conditions, whereas Eq. 
23 will have to be modified according to the boundary conditions. : Consider 


“the: case shown in Fig. 7. 
4 Assume a starting 


which satisfies all boundary conditions, 


-. From Eq. 2% 27, Pe = 2. = 2.5 =- -, Whereas Eq. 23 gives t the i impos: 


value of P = Evidently 33 must be to take the free 


a Eq. 27 was derived by equating Eq. 26 to zero, zero, but an equivalent and (in 
’s ’s opinion) more fundamental expression be derived by the 


application of Eq. 121 


The variation — this integral is a problem in the Calculus of Variations, and 


ow compLeMENTARY ENERGY Discussions Az 
{iyi M = EI—. When Eq. 27 is to be used the approximating function must § 
the nditione and ao 9A would naturally ocive 

Eq 
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at rhe terms in the brackets are called “the terms at the lisnite," ” and when they 


are zero Eq. 135 becomes 
ng sear =0....... 136) 
‘Since the variation 62 is arbitrary, ‘Eq. 136 is fulfilled when when : 
Ed. 137a ma may integrated to 
7 


which is nothing more then the: differential ven by — 
‘From this demonstration n may be seen the connection between the problem of 


‘the elastica and the energ gy ‘method. 
7 The approximate solution of all problems in mechanics based on the vari- 


ation of an integral can be simplified greatly, as follows: W hen the boundary 
conditions are such that the ‘“‘terms at the limits” are zero, Eq. 135 becomes | 


Eq. 186. In general, Eq. 136 may be written® as 
"(Differential equation of equilibrium] x [Vi irtual change of the function 
describing the state of dz = 0... (138) 


4 W hen the “terms at the limits” are not zero an equation of the form of Eq. b 


135 must be dealt with. It must be remembered that Eq. 135 is the result of 

the variation of the integral of potential energy of a straight column subjected 

to end loads. Any other condition of loading will require a slightly | different 


Consider the case shown by Fig. . 3(a). T he application of Eq. 135 to this 


an Since the ends are held, the terms at t the limits vanish leaving Eq. 136 or 


1 (in +138, Assuming the value of z in Eq pa 31, w which satisfies all boundary con- “7 


and 


bz = 
Substituting in E in Eq. 136 = 


+12 P c(t x - + bode 


Eine Wichtige Vereinfachung der Methode von Ritz zur angenaherten Behandlung von Variations- 


problemen, by A. Hencky, Zeitschrift fiir angew. Mathematik und | Mechanik, Vol. 7, 1927, p. 80 
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the it will ill be found that 


The equation of the s strained column is given by Eq. 137). 


iz = 0. 


Eqs. 139 and performing the ations will lead ‘to 
p 306 306 ET 


For the case show! n by Fig. | 7, Eq. 138 et cannot be used and | Eq. 135 including 


5 


the “terms : at the limits” be: used. 


The same general method can be applied to vibrating systems. oy es. | 


One point which should be emphasized i in the foregoing approximations j is. 
that the critical loads and their analogous quantities in vibrating systems are 


always larger than the actual values and, therefore, are necessary but not suf- 


ficient Therefore, these values are on the ‘unsafe 


believes ‘that the > differential or ‘the "energy ry a a given 
=: can be “set 1 up” ’ with greater ease than the deflections, displacements, | 


and changes of curvature required by Eq. 10. ~ Furtherr more, all reference 
; volumes on the theory of structures present the general theory of equilibrium 
~via the differential equation and the investigator will find Eq. 138 quite easy 


The method based on Eq. 138 also may be used j in the approximate solution 


of problems of stable ‘equilibrium (for example, in the determination of the 
deflections of beams, etc.). One important: problem to which ‘it has been 
applied is that dealing with the action of a suspension ‘bridge subjected to 
lateral forces and to the determination of the natural frequencies of this type 
4 of structure when vibrating i in a horizontal plane. SO ey an 


-Under the action of a uniform wind load the deflection of a suspension 


bridge can be as 


The momen 


=E ee nd shear = = 1 Bat Eq. 138 may be used to determine the 


**On Forced Pseudo-Harmonic Vibrations,” by i. K. ‘Silverman, sil the Prone Institute, 
June, 1934, p. 743. 
Theory of Elastic Stability,” Ss. McGraw-Hill Co., Ine., 1936, p- also 
“Ray — 8 Principle,” * by G. F. J. Temple and Ww. G. Bickley, Oxford Press, 1933, p. 29 and P. 72. 
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= 
values of an. A ‘set of simultaneous equ equations : is obtained oven by | the general : 


(145) 


in which 7 may odd integral value except Nn, depending upon the 
number of terms assumed in the series, Eq. 144; and A, to Ag are constants 
of the structure and loading. — Thus a direct solution is furnished by use of | 
Eq. 188 to replace the tedious trial and error solution now available. >= 


GEOR E R. Ricu,?> M. Am. Soc. C. C. E. (by letter).*°*—Dean Westergaard 


= noeennal a valuable and interesting paper which, for maximum benefit, 
should be read as a sequel to his earlier paper on the “Buckling. of Elastic 
Structures, ”36 from W yhich the somew hat for midable terms ‘ ‘orthostatic action,” 
“astatie action and ‘ ‘heterostatie action” emer erge as. the “more familiar 
expressions ‘ “simple s stress or bending,” “ pure buckling,’ ” and ‘ ‘mixed buckling.” dn 
In determining critical buckling loads Sor n natural periods o of vibration, it 
appears from the examples a adduced by the author that the method of comple- 
mentary ener ‘gy y affords much greater latitude than the Rayleigh method in 
the selection of functions to represent the deflected elastic line. This is par- 
‘ticularly striking in the author’s use of parabolic loci in the cases of the buckling: 
of hinged-end columns and the lateral vibration of prismatic beams. In the 
Rayleigh type of investigation, parabolic curves do not ordinarily yield de de- 


-pendable results for the reason that the resultant ex expr ession for curvature of 

“the member, it? is a constant, whereas the curvature should vary with the 

_ bending moment. In problems to the ly gravitate toc in 


any considerable sacrifice of accuracy. _ 


ver 
si 


orn = 2, 4, 6, 


Supension Bridges Under the Action of Lateral Forces,” by Leon 8S. Moisseiff and Frederick — 
1s mbers, Am. Soc. C. E., Transactions, Am. Soc. C.. E., Vol. 98 (1933), p. 1080. a 
Chf. Design Engr., TVA, Knoxville, Tenn. 
Received by the Secretary March 13, 1941. 
Basking of Elastic Structures,” by M. WwW cotergaard, Transactions, Am. Soc. C. E., Vol. LXXXV 
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appears to have the advantages of greater simplicity and directness without —__ Bes 
be verified exactly, Eq. 124 checked 
7 i closely, and Eq. 127 checked within 10% by direct substitution, in a as us 
z= 2, Sin — sin wt, f 
sin w t for (1466) 
wa 


N COMPLEMENTARY ENERGY 


the standard Rayleigh form of the e energy 


di 


In fact, Eqs. 125 and 126 may be verified exactly by u using the somewhat | 


rougher form of Rayleigh 
dz 
( 


in which the term J dz reflects the assumption that the 
= of cable due * the vibratory ‘motion is is equal to the increased —a 
of elastic line of the deflecting stiffening truss. Ini using the Rayleigh method 
for this problem, the: ‘z-axis is taken as the undeflected a axis of t the stiffening 
truss, and all ordinates ¢ 2 are measured to the deflected elastic line of the truss. 
No ordinates are measured to the cable. The functions adopted for z simply 
- _Tepresent the idea that the stiffening truss deflects during vibration into either 


an even number of alternating equal bay waves or an odd number of alternating 
unequal bay waves, the configurations in either case being such that the net 
departure of the cable during vibratory motion from the parabolic form 7 
equilibrium under the dead load is. a@ minimum. *~ This action is implied by 
Eqs. 93. ie addition, these functions represent the familiar normal modes in _ 
ae. hich the oscillations of all elements of the elastic system : are either in phase 


opposition, and the | functions chosen have the convenient conjugate 


In this « connection, it is recognized that the author’s to 
give examples of sufficient v 
method of complementary energy. Hei is well aware, of c course, , that in certain 


in stances | alternative methods may prove equally convenient, as is shown by FI 


: “his statement that the problem of buckling of a thin circular disk —— 
at the : edges /and loaded by a . normal edge load may be solved with equal ease 
we the standard m method of attack using Bessel functions. eee 

ae Dean W estergaard has rendered continued service to pr practicing engineers | 
by demonstrating the great economy of time and labor, and the penetrating 
insight into structural action, that are afforded by the use of the more incis sive 
_methods of advanced analys sis. ithout attempting the ‘mastery of existence 

_ theorems, reasonable facility i in the use of the variational principles ‘may be. 
acquired for a surprisingly small expenditure of time; and, as. remarked | by 
Lord Rayleigh sixty years ago,!* the | difficulty in connection with Fourier" 

series lies not in its practical physical applications, but only in a rigorous 
= demonstration of what the professional mathematician means by the statement 


+ that the expan: expansion represents the function ‘ “almost everywhere.” ya 


18 “Theory of Sound,” by Lord Rayleigh, 1877, 2d Ed., MacMillan & Co., Vol. 1, 1894, pp. 109 and - 
see also ‘Vibration Problems i in Engineering,” by 8. Timoshenko, Van Nostrand do , 1928, a —_— 
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"By Messrs. M. HIRSCHTHAL, AND JAROS >, 


Y MEs M. HIRSCHTHAL, AND JAROS OSLAV J. POLIVKA | 


‘M. M. AM. Soc. C. by letter). Tests « of large- scale 
_ models of indeterminate structures are of the utmost value to the engineering 
_ profession as a verification of theory (or its disproof), as well as for the clarifica- 
tion or decision of controversial questions in connection therewith. However, 4 
to accomplish such results, meticulous care must be exercised so that neither a 
_ predetermined theory nor methods pursued i in similar inv vestigations exercise 
{ any influence on the resear cher i in his tests. — It is to be feared 1 that the authors 
‘permitted themselves to to be somewhat influenced in both w ways. There is no — 
: question of the great advantage to be gained in planning tests. that will either : 
confirm or deny results previously obtained by the selection of similar forms 
for tests, but no attempt should be made to read into the results identity 


@ with the prototypes (tests) or to resort to “modified sections” to confirm = 
theoretical analysis in which assumptions necessarily be as a basis. 
for logical results. The tests were well planned, yet it is questionable whether 
degree of accuracy was sufficiently “great when the variations between 

e 


nim _ assumed theory and stresses obtained from strain readings are of of approximately 
the same amount at times as the 2 expected a accuracy y of 300 Ib per per sq in. in the 


by instruments used. The authors state that the number of readings or observa- 
ed tions was governed by the desirability of limiting | the number of ho holes made i in 
=. ‘the angles. — Could not the remedy have been found i in welding an and thus this. 
difficulty been eliminated? Gage lines along the gravity lines of each of the 


at angles of the « curved inside section might have furnished valuable information. 
a Th selecting the configuration for r the curved-knee frame (Fig. 1(b)), the authors 
made the crown thickness 6 i in., carrying the soffit of the beam parallel to the o 7 


ce 
be extrados, whereas the leg is 73 in. thick at the base. The e result is that the 


_ Sections at the diagonal through the knee are not. equal—the vertical section 
the beam is 133 and the horizontal section the 
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in November, 1940, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 

en ' January, 1941, by C. J. Posey, Assoc. M. Am. Soc. C. E.; February, 1941, by W. J. Eney, Assoc. M. Am. a my i ve 

Soc. C. E.; and March, 1941, by Messrs. LaMotte Grover, and William R. Osgood. 
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is 5 153 in .. deep (Fig. : 31). 
are of the same depth, ian’ is adie. 
examination of Fig. 18 discloses the fact (and it out by 
authors) that, from the tangent point. 22 (opposite 2) around the curve to the 
tangent point 32. (opposite 19), ‘the 
observ ved stresses (computed fron om 
© the strains) are considerably higher 
2 than those computed by t the “beam > 
formula.” Beyond these points, both 
7 in the horizontal. beam and in the 
--vertical legs, the stresses are lower. 
‘than those computed theoretically. 
The writer. ‘differs from the e authors 
on two o points as to the reasons and > 
the: results of these conditions. 
‘First: Since points 32 and 22a nd 


the points opposite them aresubjected 

s spectiv: ely to the maximum compressive and maximum tensile stresses, it is” 

evident that (a) the sections through these Points (practically the points of 

 tangency) a are at the points ; of maximum negative moment of the respective 


horizontal and vertical (b) that: 


they are the “fixed ends,’ ” and (c) that 


the section between, Or the knee sec 


tion, furnishes the restraint for such 
fixedness. Under such conditions 
(Fig. 11) the stress distribution along 
a diagonal across the knee would not © 
follow the ‘ “straight- beam’ 
but rather, more nearly, that result-_ 
ing from a thrust against this im 
section. Ther resistance to this thrust 
is “offered by the remainder of the 
frame (the other half of the knee and 
the leg) down to the hinged support — 
(Fig. 32). The bending moment at 
the end of the beam span, resulting | 
in tension in the upper plane and = 
compression in the lower, together 


sidered replaced by a a thrust acting , 
eccentrically o: on the section, the ec- 32° 
—centricity being equivalent to that 
resulting in the aforementioned bending moment. From the observed location i 
of the zero ‘strain (therefore, zero stress), the resultant thrust is evidently ap-— 
- plied very close to the inside edge of the diagonal. . The point of zero stress 


under this assumption V would be located at three times the distance from the inside | 
edge | to the point of application of the resultant, similar to the condition | of a 
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pressure falls outside of the middle third of the base. om de As nang as there i is nO 
yielding under the point of 1 maximum | compression (in other words, if the sur- 


Second: From the fact that the extreme fiber between the 
points of the horizontal and vertical members, as computed from the observed 


a strains, were considerably greater than those calculated from the theoretical: . 
assumptions, the authors conclude that the knee was “not stiff enough.” The 
h writer differs with this conclusion, and feels that on the contrary the knee, 
e because of its \ very y stiffness, was ‘capable o of taking | greater stresses than as- 

tr § sumed. . Thus it relieved the sections of the horizontal beam, and the vertical 
. ff legs beyond the knee, of part of the stresses ; or moments, tesulting i in the lower 
ye p g 

is actual observed stresses noted in those sections. The situation n is similar ar to 
id ‘that occurring at the junction of two members, such as a column and a beam, 
“T Subjected to a bending moment, in which case the stiffer member takes the 
id - larger share of the moment. Likewise, within a member itself the section 
odd having the greater stiffness will take the greater part of the moment. Perhaps 
is ‘this i is the explanation of the fact that a reinforced-concrete beam never yields 
of deflection anywhere near that calculated for the particular condition of 


ment bent up for shear and diagonal tension, : and this reinforcement i is carried 
To > the opposite plane for proper anchorage, thus providing a cross section at 
the supports far stiffer than that assumed for the theoretical peo 


ve ony ae A well- _proportioned beam has about one third of its tensile reinforce- 


of a reinforced-concrete beam design from which the deflection is ordinarily 


The condition at the knee is not unlike that posed when a deep girder is 
"connected with a relatively light column and the column selected i is found to be 
ov verstressed. _ Ani increase in the column section will result « only i in an increase 
in the share of the bending moment it will be required to resist. _ Thus, it is 


evident that, to relieve the column of its overstress,, it will be necessary to. 
q outer share of the because of its increased stiffness. 
ED does not end the a Ww hich cannot be treated herein. 


whe saath of ‘the soffit of the horizontal beam with the vertical a. from 
gage observation, | is much higher than that which had been computed—the © 
theoretical stress. F.E. Richart, M. Am. Soe. C. E., in his tests of f reinforced- 
concrete knees at the University of Illinois, found similar concentration of 
stress at the inside corner of the specimen. . At that time, the writer had 
“suggested that this n might have resulted from the fact that the horizontal section 
through the leg ar and the vertical section through the beam, at their junction, 
have a common extreme fiber in compression and such a concentration of ‘stress a 
was to be expected. | Wh here these sections are at right angles to. each other, 

the resultant co compressive stress would be the square root of the sum of the 


individual squares of the individual extreme fiber compressive stresses; and, 


where: the depth of section and reinforcement are the same in both sections, 
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would also to the structural steel s section. This assumption appears ti to 
‘be practically verified in Fig. 16 where the ‘observed stress in the horizontal 
member is about 22 kips, whereas the th theoretical stress is only 15 kips per sq in., 


although the section for the vertical member does not quite - corroborate this. 


I In the opinion | of the writer the results ¢ of the tests are not quite conelu-_ : 
sive and do not justify the other definite conclusions embraced i in the recom- 


mendations. 
J. Am. Soc. E. (by letter). 17a. ion 
4 is a valuable contribution to the analysis of framed structures with variable 
moments of inertia. In the analysis of such types of structures, certain as- 


sumptions are made, and it is important to know _— nearly these assumptions 


The authors’ comparison between the results| of the tests and conventions! 
methods of analysis shows that a fair conformity may be obtained. T he ob-— 
served horizontal reactions differ slightly from the computed values, considering 
the influence of shear on deformation; but the computed center moments and 


Faas are as much as 10% less than observed values—a fact affecting, 


seriously, the design | of the structure and its ‘safety. ya 

- ae The writer has analyzed, completely, both types of hinged frames subjected 
to investigation, u using the ‘ ‘ellipse- -of- elasticity” method, and has found a very : 

good conformity with the results of the tests. | Th he r method is essentially 
graphical. Better accuracy may be obtained by expressing the constants of 

the ellipse of elasticity | by algebraic values. Generally, the method requires” 

some know ledge of geometry (especially projective geometry), but the analysis _ 
implified in cases where the change of moment of inertia can | ‘be 

expressed algebraic terms permitting the use of tabular values. hree 

‘the most common of such cases are demonstrated in Fig. — Te 
_ Eqs. 1 and 2 are correct as s long as the sections As are very ‘small so 1 that the 7 
elastic centroid of the section n may be properly as: assumed as coinciding with the 
‘geometrical center of gravity. For sections in Fig. 33 (relatively 1 long with © 
respect to the 1e change of the depth of the structural part) the elastic centroid : 


‘eon considerably | nearer to the smaller cross section. It affects ‘thé ; 


weight and other constants of the section considered, ‘such as 


ace In Fig. 33, let: $= . distance between ¢ elastic centroid S and face B; G = the 
elastic weight of the element A B, concentrated at elastic S; and 
ae d = the distance between center of rotation (produced by a force F acting along 
face B) and face B. ‘Then the following ‘equations expr express the elastic 


_ 1 Research Associate, Univ. of California, Berkeley, Calif. — 


— by the Secretary March 17, 1941. 
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respect to in face A due to pure bending: “a 
rotation— 


Displacement along the _ of action of the force F -- — 


=. of inertia elastic 


e B— 


Square of ongitudinal 


of seein of elasticity— 


“shear 0 on deformation, Eq. 9 be- 
comes (see Fig. 


in which: Ss is the modulus of 


clasticity in shear; the 

. radius of gyration of. an element 
ds; sand k is a numerical constant 
‘depending on the cross-sectional 

shape of the member (section). 


For prismatic members the vee 
(ofkis =; and for T-shaped mem- 


bers it is approximately 
A’ 


which A is the full cross-s -sec- 
tional area and A’ is the cross 


section of the web. 
‘The elastic constants of si sec- 
_ tions having the shapes shown 


in Fig. are computed as 
follows 29 


Straight line— 


,. ®“'Graphical Analysis of Framed Structures on the Basis of Ellipse of Elasticity,” by Jaroslav Polivkas _ 
Soe. of Eng. Students, Institute of Technology, Prague, 1919; also, ‘‘Kontinuierlicher _ Bogentraeger auf 
¢lastisch nachgiebigen Stuetzen,” by Jaroslav Polivka, Der Brueckenbau, 1920, Vols.4,5,and6. | 


Pe “Graphical Methods of Analyzing Statically Indeterminate Structures,” 


mimeographed lecti lectures by 
aroslav Polivka Berkeley, Calif.,1940and 1941. 
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in which Ipi is the 1 moment of inertia of cross section at B; and, 


Y 

= | | tog. (1 + C) — (129) 


Eq. ‘12d is determined e exa 


Par abolic— 


_ Gp 


el 
sd= = Gn Ast tan VC |........(18¢) 
which 
4 Elastic commtenin for these three shapes are compiled in tables.” . 
example. u 
example, using the tabulated values p, q, and 
tot 
and 


20 Discussion by Walter Ruppel, Assoc. M.. Am. Soc. C. E., of ‘ ‘Moments in Restrained and Continuous the 
Beams by the Method of Conjugate Points,”’ by L. H. Nishkian and D. B. Steinman, Members, Am Am. Soe. 
a Cz E., Transactions, Am. Soc. C. E., Vol. 90 (1927), pp. 167-187. 
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Sh 
= 
an 
— 
: +——aretan VC |............ (13a) 
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— 
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Th ese formulas are > valid for each shape shown in Fig. 33. — ‘Only the values 
“a d are affected by shear. Considering the shear, the | moments of inertia 
of the elastic weight with respect to face B are Ig’ = Te + Ig’, in which | 
‘the values of Iq" (due to shear) are given by the following : equations (in which 


al nt line—_ 
Parabolic— 
= k 8 x (re )? x arc tan. IC Ge.. (18b) 


=k x xix — Ge. ees (180) 


T he : framed structure is s divided into sections allowing the application of 
the foregoing formulas (Fig. 34). he redundant horizontal reaction is 


Par 


puted by that one of the following methods of analysis, oe ( es 
of the ellipse « of elasticity, w hich appears most suitable for a given case: : 


¢ “Compute the rotation | (6) for a simply supported beam A 
due to the given loading, and its center Du (Fi ig. headline: horizontal 


= 7 


reaction i is then 


in which Gis the total elastic w eight of tl the | structure concentrated at, 
the elastic centroid S; sq is the lever arm of the elastic weight G with ‘respect. 
to the line of action of the force H (passing through hinges C and D); dy is 
the | perpendicular distance between the center of rotation Dy of the force H 
and the line C D, Dy being the antipole of C D with respect to the ellipse of 


dlasticity of the whole structure; and dy is the perpendicular distance between 


the center of rotation Du -of a simply supported beam A B due to the given 
loading. ~ 
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‘ ,35(b)), and angular i 


B. Combine the elastic with the elastic weight 
of the beam B and determine the end and Ms the re- a 


Fixed-End 


[Uo 


rom 
principle of ‘reciprocity of defor deformations, of the horizontal 
reaction is found to be: 


the of re concentrated forces, or of 


4 uniformly , distributed weights, it is preferable to draw the deflection curve due a 
_ to H = 1, acting along C D, with the pole distance ZAG y, which i is the influence 
line | of the redundant force H | (Fig. 35(c)): 


eu 


4 
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within the knee of the investigated fremen i is concerned, he onde 
| reported by the authors were compared with photoelastic tests, at the Uni- 
versity of California,” relating to stress concentrations at sharp reentrant 


angles and curved fillets.  . 


7 Conclusion.—The tests reported in this paper are checked very closely by | 
the analys sis outlined herein. 


1 “Some Stress Relationships in Photoelasticity,”” by J. J. Polivka and H. D. Eberhart, Assoc. M. 
Am. Soc. C. E., Proceedings of the Tenth Semi- Annual Eastern Photoelasticity Conference, Cambridge, 
1939; also ‘tA New Method of Determination of Separate Stresses from Photoelastic Results on the Basis 

of First Derivatives of Airy’s Function,” paper a by J. J. Polivka before California-Stanford Semi- 
nar, March 6,1940. 
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extending over a period o of seven years, from 1927 to 1984. During this period | 
the science and art of sewage e disposal was ‘rapidly advancing, and the a : 

_ ultimately adopted embodied a number of features not previously available. 
Perhaps the most notable characteristic of the design i is its flexibility, w hich 

- enables it to function with economy under the varying conditions of flow in 
the Mississippi River. Among other r features which » at the time of design, | 
were . considered. by some engineers as innov vations, but which were included 
after careful observation and study, were the unusual length 0 of the sedimenta- 


tion tanks, the elimination of sludge digestion, and the incineration 1 of — 


"appear justify y the many studies made by the author. 
oan Although conclusions from the limited period of operation covered by the 
author must be regarded as tentative , they unmistakably hold special interest 
for all sanitary ‘engineers. — For the purposes of this discussion the author has 
made available to the writer certain operating data obtained later than April 
30, 1939. The records pr previous January 1, 1939, “because of the usual 
- process of adj ustment in anew plant, probably do 1 not represent normal aver- 

of performance and co cost as do the subsequent records. 
15 contains statistics of ‘operation f for the year 1940. 

The quantity y of sewage was somewhat less than expected, the strength 
- expreased in B.O.D. was approximately equal to that expected, but. the sus- 

pended solids (perhaps because of changing industrial conditions and effect of 

surface runoff) were more than 50% greater than the expected amounts. ‘This 
- heavy load fortunately was offset by the unusually high removal of suspended | 
~ solids in the sedimentation tanks. £ In these tanks (290 ft long with unusually — 


_ Nors.—This paper by George J. Schroepfer, Assoc. M. Am. Soc. C. E., was published in January, + 
( 1941, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: March, 1941, by 
Messrs. F. C. Roberts, Jr., and Rolf Eliassen. _ 


4 Cons. Engr.; Head, Dept. of Civ. Eng., Univ. of Minnesota, Minneapolis, Minn. 
Received by the Secretary March 3, 1941. 
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‘April, 1941 _ BASS ON SEWAGE TRE: 


Jong ¢ overflow aw the average removal of 71.1% (detention period 1.5 hr) of 
- suspended ‘solids, which itself is greater than the performance of most plants, 
has been raised under average conditions over a , period of several weeks to 


approximately 80% by the use of air flocculation at the trifling cost of 6 cents 


TABLE 15.- DaTa FROM Janu. 1940, 
Decemper 31, 1940 


_ Description — at time 
Maxi- | Mini- yer- | Of design 
mum 


_ | Flow (mgd). 3.87 | ). 17 122 


; Screenings (cu ft per million gal) . 
Grit (cu ft per 


solids. 

} Settleable solids............. ree 
Filter cake produced (tons), average ds aily 40. 
Cake moisture (%) «68.1 8 
Cake volatiles (%) . A 59.8 
Ash from sludge (tons)............. 60 820 — 
Sludge. Conditioning Chemicals (%): 
Ferric chloride 2.32 9 1.83 

i 5 3.5% 4.51 


per million gal treated. Siemens 56% removal of 185 ppm would hav 
left 81 ppm in the effluent, whereas the actual performance of 80% removal of | 
300 ppm has left only 60 ppm in the effluent. ee | 
-* The B.O.D. removal was boosted by flocculation as well as by removal of 7 
- suspended ‘solids, the author’s figures showing 49.8% with flocculation as as 
against 44. 2% without flocculation. The total capacity for removals of sus- 
pended solids and B.O.D. with the use of chemical precipitation will be awaited 
b--9 much interest. 1 From the performance of the plant already given, the 
‘wale removals as expected by the author, in the tabulation preceding the 
heading “Plant Operation: Screen and Grit Removal,” appear to be readily 


obtainable. The bacteriological results from the use of chlorine, although of 


short duration, are interesting, 


‘The conclusions from this phase « of the operation seem to extend the useful- 
- ness of this type of flexible plant design to many situations where a variable 
-tiver flow exists. 7 For such conditions, a careful study of ¢ quantity and quality 
of both river and sewage may result in economy of both first cost and operation. 
“J The sludge disposal department of the plant appears to have been as suc-_ 
“cessful as the sewage treatment department. . Drawing sludge frequently ae 
‘the s sedimentation tanks to the concentration tanks and stopping withdrawal | 
With thinning | sludge have resulted in a heavier sludge. A quantity of sludge - 
35% higher than expected, offset by higher heat value, less moisture, higher 7 
volatiles, and unusually | close control of sludge ounliibening and filter operation, _ 
_ has Ted to a lower over- -all cost of sludge disposal 1 than was estimated. . It is 


remarkable e that p practically no oil | is necessary The costs given by the 
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as the analy tical results ig of in 


the riv er below the plant can be appraised only after the installations of treat-— 
ment plants for the large packing plants located there. 
_ Supplementary data on cost supplied by the author permit. the summary | 
Table 16 for the 12- -month period ending December 31, 1940; 


TABLE —Cost OF OPERATION anp MAINTENANCE, 
January 1, 1940, ro DecemBER 31, 1940 


Description Operation Main- ‘Total: Percentage 


Sewage treatment 43,843.65 8,917.08 52,760. 73 
Sludge disposal. -.++.| 112,580.62 18, 218.60 | 130,799.22 
Miscellaneous _....| 83,508.90 3,376.68 | 36,885.58 


Administration, engineering laboratory....| $74,637.24 $1,32¢ 326.01. "375,903.25 963.2 625.6 


— In this period a total of 38,038 million gal « of sewage was treated at a cost 
of $7.80 per million gal for all operating and maintenance items. During this | 
period the magnetite filters have not been in full operation and chemical pre 
cipitation has not been used. - - Consequently, over a sequence of years, which 
includes 2 a considerable proportion of drought when all facilities of treatment 
are used, the costs may be somewhat higher. It might be concluded that the 
cost of administration, engineering, and laboratory, at about 25% of the total 
“cost of operation n and maintenance, is unduly high, but it is probable that every 
dollar thus spent is reflected in much greater savings in the other items. 
aa... has been a pleasure 1 to examine the detailed records | of performance ¢ and — 
7 ‘accompanying ¢ cost data available in the office of the author. It will bea 
great public benefit. when all sewage works are as carefully and economically 
managed as as the one in Minneapolis and St. Paul; plant operators will be stimu- 
lated to greater interest when comparative figures are made available. a hese 
cities are indeed fortunate in having conceived and built a plant s so well fitted 
to the existing conditions and so effectively and d economically operated. : 
_ The emphasis in this paper upon performance, and particularly upon costs, 
deserves more than passing notice at this time. A sewage treatment plant is 18 
but one of the agencies of the promotion of health and cleanliness of a com 
mnunity; there are others: of perhaps even greater importance, which need 
7 "sideration an and call for the expenditure of public funds. | Since publi fi fin: ancial 
“resources are are limited, the analysis of costs and relative value of various public 
works is is an important duty resting upon engineers \ who are becoming 1 increas- 


ingly responsible for the conservation of national resources. 
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(AMERICAN SOCIETY OF CIVIL ENGINEERS 


DISCUSSIONS 


HE GRAND CE? CENTRAL TERMI NAL 
IN PERSPECTIVE 


Discussion 


- 


Messrs. Jay DOWNER, AND WILLIAM J. Witcus: 

Jay Down re been 
concerned "ith "the W County are enthusiastic 
intheir appreciation of the important influence of the Grand Central Terminal 
on the growth and character of the suburban territory to the north of New 
York City. It has been recognized that in all respects this terminal is the 
best in the country, and its convenience as compared with other large stations | 
has been particularly appreciated. Colonel Wilgus has presented a compre- 
hensive and readable account of the inception and execution of this great under- 
taking, Ww hich eventuated from the foresight and ability displayed by him and 


his 


snout 
some ‘exception may be taken to the s assumption of full credit for the in- 
crease in assessed valuations in Weschester County, which rose from about 


$172 000, 000 in 1900 to $1, 828, 000, 000 in 1932. - During the sonstruntonn of 


“the Bronx River Parkw: ay, valuations: rose from $383,000 000 in 1913. 
-$786,0 000 000 i in 1923, after w ‘hich, and during the development of the more com-_ 


“prehensive W estchester County Park System, the rise W as accelerated | to a 
high level of $1,828,715,000 in 1932. During these nine years the county, with 
some e aid from the state, had ‘expended upwards of $77 ,000,000 for its park - 


and parkway system, which \ was in addition to the earlier Bronx River Im- 
provement costing about $17,000,000. 7 In addition, trunk sewer systems and a — 
sonty y highway system helped to develop W Westchester’s ssuburban area. 
2 Therefore, much as as one may appreciate the fundamental importance and — 

. ome value of the Grand Central Terminal and the electrification of the three 

‘tailroads leading through the county, one feels justified in asking the railroads © 


| Nore.—This paper by William J. Wilgus, Hon. M. Am. Soc. C. E., was published in October, 1940, 
Proceedings. _ Discussion on this paper has appeared in Proceedings, as follows: December, 1940, by Messrs. 

- Lavis, E. R. Hill, Alonzo J. Hammond, and H. L. Ripley; January, 1941, by Messrs. A. J. Meehan, — 
and J. P. Hallihan; February, 1941, by Messrs. Arthur V. Sheridan, and C. E. Smith; and March, 1941, 
Messrs, Harold Lewis, and Bion JeArnold. 
*Cons. Engr., New York, N.Y. 
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‘WILGUS ON GRAND CENTRAL TERMINAL Discussions 
to o share with the far- -flung parkway, trunk sewer, and highway sys systems some of 
-eredit for the increase in values that were > notably accelerated during 
‘ the construction of these ‘county improvements. _ At one period those 1 who 
were instrumental in promoting the County Park System claimed credit” 
for 757 of this increase. In Colonel WwW ilgus’ ‘paper it is assumed that the 
railroads may be qedited with 100%. Each major improvement ¥ was re- 
= sponsible. i in greater or lesser degree for the phenomenal rise in values, and it 
would impossible to apportion the credit accurately. Perhaps there is 
credit enough for all. Certainly the Grand Central bi erminal and the elec- 


7 trification of the railroads contributed magnificently to the amenities of life in 
given to it life and color. Thus has the product of the spirit, brain and brawn 


ILGUS, Hon. M. Am. Soc. (by, letter). this” 

closure to his four-dimensional paper, in w hich the “element” of time has 
played a part, the writer first would express his deep sense of appreciation to 
_ the Society in general for having given it a place in its publications, and in 
- particular to those of his fellow members whose scholarly contributions mee 


of many distinguished men and their aides in engineering, architecture, yo 


tracting, law, finance, operation, and administration been given Sts d ay 


court.” 


Both Mr. Hammond nd and Colonel Arnold the by the 
Grand Central Terminal in the u itilization of ‘air rights” under somewhat 
"similar circumstances at Chicago. and, as Coieal Arnold states, at Cleveland. 


= sar connection it should be remarked that the first plan of the Grand Central 


Mr. Reed, : as s thought by Calon Arnold, but that of Samuel Huckel, Jr., - 
orepared such a study to illustrate the writer’s plan for the. improvement based 
n the “air rights” idea submitted to Mr. Newman, President of the railroad, 

n December 22, 1902. — Mr. Reed’s brilliant conception 1 of the Court of Honor 


and “circumferential driveways, came some months later, and brought to his 
Fs m its engagement as architects for the station building a and later for the 
hotel. Zz, his has been explained and illustrated in some detail in the complete 
manuscript] 
ee It is indeed to be regretted, “as exp pressed by Major Hall ihan and Mr. 
Sheridan, that the Court of Honor i in its original form was ‘eliminated : from the 
final plans. Had it been permitted to ‘remain, the community would have 
I crs sani from. a separation of | street grades all the way north to 49th Street, 
and from the obvious advantages of a plaza of majestic proportions ; such as are 
found in similar situations in. . Europe. It is not too much to believe that 
/ give-and-take negotiations between the city authorities and the railroad might 
_ have resulted in a just division of the financial burden and thus have made 
possible the retention of the Court-of-Honor plan. 


Weathersfield, Ascutney P.O., Vt. 
%a Received by the Secretary March 18, 1941 


21 Copies of the manuscript in full have been filed for at Engineering ‘Library, 


29 West 39th Street, New York, N. Y., at the New York Public Library ‘ya and at the Congressional Library, 
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‘April, 1941 ON GRAND CENTRAL TERMINAL 


Mr. Smith refers to. the mezzanine > which, if if installed at ate Grand Central 


materially to the « convenience of passengers. 7 ‘Undoubtedly this is true were it — 


it about, but would have 


| 


—Forvre GRanp ¢ TERMINAL (Ir AND Ww om A Is Avpe> 


Mr. Hammond refers to the wisdom of providing separate villas for > 


handling of “passengers : and baggage. — ‘Unfortunately, as in the case of the 
‘mezzanine, this was not possible at at the Grand Central Terminal because of 
physical limitations. = Studies were made for baggage platforms equipped ° with — 
mechanical conveyers between the running tracks; but this ‘required the ~ 
jectionable transfer of the building columns to. the middle of the 
™ orms and the lessening i in number or narrowing g of the latter within the 
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_WILGUS | ON GRAND CEN TRAL -TERMIN AL 


inexpansible e width of the terminal area. Tt wasa was a matter of great omer to the 


Wi riter that separate means for handling baggage could not be devised without 


an inadmissible sacrifice c of space. Mr. ‘Hammond also 


"Me. Meehan points to dangers incident to the mn angled turns in " 
ach direction where the circumferential elevated driveways come together 
i: 42d Street. It would be wise indeed to ¢ give earnest thought to » his suggested | 


remedy. WwW hen the structure was built the planners did not sufficiently visual- 

ize the speed and volume of street traffic that were to come in later y years. 
In ‘Tespect to- the change of motive power at the terminal and on its ap- 


pr caches, Mr. Smith considers that “Tf the New York Central Railroad were 


adopting a a system of electrification today, it is doubtful if it would adopt its 


system of third-rail, 600-volt direct current. Unquestionably 
company, the New Haven, and the other roads he mentions, have, in the high 
ion alternating current system, an admirable one for their conditions as 
proved by the passage of time. His road is indeed to be. congratulated on 
ing | led the way; but conditions on the New York Central | were not of the 
As is said by Colonel ‘Arnold, at the 2 time when the problem ¢ of 
changing its motive power from steam to electricity arose, there was “no- 
electrification approaching ‘the magnitude of this one.’ In the words of Mr. 
“electric traction was still in ‘its formative tenn” — On top of this de- 
4 “parture from precedent ¥ went the need, referred to by Messrs. Lavis, Hill, and 
Ripley, of keeping traffic ‘moving—without delay « or serious inconvenience to 
the public—at the terminal itself, where hundreds of steam- “operated trains 
“" - daily had to be kept moving “on time, ” coupled with innumerable horizontal 
7 and vertical changes of position of the tracks during two-level, underneath and 
overhead construction. This condition, if for no other. reason, barred the use 
re of exposed high tension wires supported from poles, as did the narrow clearance 
7 of only one inch above the top of steam locomotive smoke- ‘stacks i in the Park | 
_ Avenue tunnel bar the use of high tension working conductors suspended from 
+ its roof . Apart from these physical obstacles there was the legal obstacle to 
7 ; the erection of pole- -supported wires on the Park Avenue Viaduct and elsewhere | 
within the city limits. Along v with these prohibitory conditions went the the e state” 

: of the art which led the members of the Electric Traction Commission u unani- 
mously to decide that in recommending so revolutionary a change of motive 
‘power affecting the safety and reliability | of a vast number of through and 

> 7 ‘suburban train movements, they should adhere to what was then deemed to 
be least experimental. The adopted system, so far as the / writer knows, has 
worked successfully since the running of the first electric train on September | 30, 
4 a 906. _ Were the work to be done over again, and under present- -day conditions, 
‘it is very, ‘possible, and even probable, that the New Haven method would 


“receive § serious consideration. The ‘physical: obstacles to i its: adoption 11 in the 
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Ww ith continued steam operation after 1907 it would have been impossible ra 
- have won much, if any, increase. The old Grand Central Station yard had 
| reached the limit of its capacity, and the terrors of the smoke- and gas-infested 
| Park Avenue tunnel had their deadening effect on further growth of West- 
chester County suburban communities. That the electrification, in the > long Oe 


run, did promote a marked upward trend in the traffic of both sondes using g the 


terminal i is shown by the tabulated data in the paper. 
As to . planning for coming years, Mr. Hill very wisely asks who will say 
: hat the future holds? — Buti is not all life a gamble? 7 No one knows what the 
oo may bring forth; and yet one may prophesy a as best he can from day to 
Mr. Smith points to the 
decrease of some 20% i in | number of passengers handled at the terminal between 
1930 and 1939 as indicating no need for material enlargement i in its capacity 
and none for an auxiliary t terminal at 149th § Street in the Bronx (Mott Haven). 
As an n auxiliary the writer agrees that, no doubt, « a Mott Haven terminal is 
: unnecessary ; but with ‘Mr. Sheridan and Mr. Lewis he considers it to be highly . 
necessar ry to the community ‘it ‘would serve numbering a million and a half 
people. _ It would not only there afford a meeting place for rail, highway, and 
air carriers to and from nearby and distant regions, but also, in the i improve-_ no 
ment of the great Mott Haven open yard (now a deterrent to the progress of 
: that community), it would do for the Bronx what Ge Grand Central Terminal : 


has done for mid-Manhattan. 


Mr. Sheridan and Mr. Lewis offer differing suggestions | for an improved 


Park - Avenue north of 96th Street and extending to the site of the ros 7 


- Bronx Terminal at 149th Street and beyond. It would seem clearly evident 
that the one of these to be approved by public authority, including the ‘“‘grand- 7 
: centralizing”: of the Mott Haven yard, should have its details developed in in 
full for immediate use when the United States again will bef forced to make a 
frantic search, as in 1933, for worthy projects o on which to engage its idle men, 
machinery, and materials otherwise going to waste. 
= Messrs. Downer and Lavis question if the building up of Westchester County 
ean be attributed to the terminal improvement and electrification of its ap- 
"proaches to the extent indicated in the paper. In this they are joined by Mr. . 
Sheridan, and as well by Mr. Smith, in respect of both the Grand Central Zone 
and the region north of New York City. The writer now realizes that he did 
make sufficiently clear that, in designating the improvements | in question 
as the “primary cause ” of the increase in assessments, the “impulse” that 
_ Started things going, the “spark” that started a train of events, he failed to - 
dwell as he should on what followed, such h as'the e erection of magnificent struc- 
t tures between Madison and Lexington » avenues from < 42d Street to 96th Street, 2. 
7 and i the initiation : and | creation of the remarkable parkway system and ‘accom- 
-panying high-class residential development in W estchester County . The q 
} thought he intended to convey was that the beginning i in these respects—and 7 
‘there always has to be : a first cause—laid in the enterprise he has attempted to 


April, 1941 -WILGUS ON 
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-WILGUS ON GRAND CENTRAL TERMINAL 
very much as the 
acorn as the oak’s beginning, and the Erie Canal as the greatest single lester 
in bringing to the State and City of New York their preeminence in the nation 
: during the first half of the nineteenth century. —«idAfi in this he is deemed to have 
re gone - too far, it is, _ he hopes, ‘not to be taken as a lack of attachment to » the 
writer intended to establish the claim that the transformation in -ques- 
tion eliminated deterrents to dev elopments 3 that | followed ed. 2. The limitations of 
the Grand Central Station on further train service, the « dreadful dangers and 
discomforts of the Park Avenue tunnel, the dirt and noise of -steam-operated 
7 7 trains, the hazards of grade. crossings and the o¢ occupancy of city streets in such _ 
important communities as Mount. Vernon, White Plains, and Yonkers—all 
these disappeared with the changes made financially feasible by the utilization 
_ of air rights which, until then, had been fallow. 
. ‘Then came the realizations 3 that Park Avenue could be e made | a fashionable 
7 Srna of the first order and W estchester County a fruitful field for 
4 parks and parkways having no peer 
“Td In conclusion the writer would indulge himself in 1 a renewal of his thanks to. 


“his fel fellow members who have so generously and enlighteningly given of them-_ 


selves in the « discussion, and also to those who will hav paid him the. comp i- 


a Sanath of reading through this record to the end. 
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Founded 5, 1852 


DISCUSSIONS 


‘FORT PECK SLIDE 


Discussion 


BY JUSTIN, Am. Soc. C. E. 


Jorn D. Jusriy," M. Am. Soc. C. E. (by letter)."*— —There is only one 
; ar thing about a slide such as occurred at Fort Peck. If it is thoroughly | 


investigated and studied, the engineering profession is dheneley better equipped 
- to prev ent similar slides i in the future. T herefore, Mr. Middlebrooks’ paper ” 
‘is wor ‘thy of careful study by : all engineers interested i in the design ‘and con- 
struction of earth dams. It should help” to clear away the misconceptions of 
many engineers who have not had the oppor tunity, to study the investigation 
oe emcee _T hus, one en gineer 1 recently told the w writer r that he was opposed 


x Th he investigation of the F ort Peck Slide was undoubtedly the most thorough © 
and extensive that has been made in connection with any” earth-dam slide 
- during construction. The importance and size of the structure and the 
investment involved justified the extent to which the inv vestigation was carried. ' «= 
‘Any o1 one who takes the trouble to study the complete record of the investi- 
— thoroughly will reach the conclusion that. the cause of the slide was ao 


to the upstream pert én, between 4 and 30. 

The investigation gave no indication that the foundation under the downstream | 

_ part of the dam between stations 4 and 30 was any better than the > foundation | 

under the u upstream. part of the dam in this section, but there was no o movement. 7 

in the downstream part of the dam at any point. In this connection, it is 

significant to note that, whereas the average upstream slope in the 
&. where the slide took place averaged 1 on 4, the slope of the downstream face 
i the same section n averaged 1 on 8.5. It is also significant that immediately _ 


_ Norg.—This paper by T. A. Middlebrooks, Assoc. M. Am. Soc. C. E., was published in December, | 
1940, Proceedings. Discussion on this paper has in Proceedings, as follows: Mare ch, 1941, 
Jacob Feld, M. Am. Soc. C. E. 


‘ 12 See ‘‘Report on the Slide of a Por Portion of the ‘Upstream Face of the Fort Peck Dam,” Corps of Engi- 
‘Reers, U.8. Army, July, 1939. 
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JUSTIN ON FORT PECK SLIDE 


Di SCUSSLONS 


‘This Berm Was Not Present "Elevation of Shell 
Between Stations 4 and at Time of Slide El 2 275.5 El 22 255.0 
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north of the slide area on was an extensive upstream berm at ‘EL 2,112, 


ext ending from Station 30 to Station 75 (see Fig. 13). inne oo 


— The “flatter | downstream slope resulted in lower intensity of shear stress | 

both in the foundation and at the base of the dam. bs ‘Similarly on the upstream — 
side, the berm | ‘north of Station 30 resulted in lower intensity of shear stress 
in the | foundation just north of Station 30, where there was no movement, 
than i in the foundation just to the south of Station 30 where the slide took place. 
Thus. from the foregoing it is evident that at the ‘section where the slide 
took place, not only was the foundation weaker, as shown by Mr. Middlebrooks, 


but also the unit shearing stresses in the foundation were higher than i in the 


ondueted after the ‘slide, 
a i) 


appointed 

for the purpose, the design | was ‘modified and the sections shown in Fig. 14 

were adopted and executed for the reconstruction. 
By draulic-fill methods were used in placing the larg ger part of the additional 

shell: within the ‘slide | area and also for the extensive e additional 


“was a highly impervia ious till from the and the topping 
off the dam, were constructed by rolled- fill methods. The t upper part of 


material thus salv was used in topping ‘off the s 
‘Tn effect, the slide provided a life- sized laboratory test for determining — 


the shear resistance of the foundation. Consequently, the determination of 


the factor of safety for the redesigned section may be accepted with considerable 
confidence. 
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RECOMMENDED PRACTICE 
‘AND STANDARD SPECIFICATIONS FOR | 


CONCRETE AND REINFORCE D CONCRETE 
REINFORCED CONCRETE 


‘Discussion 


MEssrs. “HAROLD E. WESSMAN, N. STADTFELD, 
R. H. SHERLOCK, HOLLISTER, ‘THOMAS K. A. HENDRICK 


Morris BERMAN, F, R. “McMILLAN, AND 


MEYER HIRSCHTHAL 


oH AROLD E. Wessmay, 58 M. Am. Soc. C. E. (by letter). sea The framers of 
any code ‘of specifications have a rather difficult task in allowing enough 
‘latitude: for the exercise of judgment on the part of an _ engineering designer, 
a and at the same ti time providing enough specific information to avoid needless 


; controversy in n checking designs—in other words, in discussions between city | 7 


mi The Joint Committee Specifications an and Recommendations are an excellent: 


"piece of work in this respect. They allow latitude for judgment, but at the 
same time provide explicit rules | that in general : are much better expressed than — 
preceding : specifications. ‘The: development of new knowledge, of course, may 
result in changing these rules i in the future, even as the requirements of earlier” 
codes have been changed. © In fact, probably the chief function, now, of the 
code committees of the various constituent organizations subscribing to the | 
1940 Joint Code is that of : a continued « critical study of these rules in the light | ) 


oa It seems likely that several city building codes could stand complete revi- 

‘sion—a complete rephrasing—in the light of the Joint Committee Report. 
Although it is realized that procedures of amendment and change are slow, 
nevertheless it is to be hoped that the Report will be taken very seriously by 


rr Nor OTE. —This Report was published in June, 1940, Proceedings, Part 2 2. Discussion on this Report. 
. has appeared in Proceedings, as follows: September, 1940, by L. J. Mensch, M. Am. Soc. C. E.; November, ag 

1940, by Messrs. John C. Sprague, and Walter R. Hnot; December, 1940, by Edward C. Gould, Assoc. — 
_M. Am. Soe. C. E.; February, 1941, by O. G. Julian, M. Am. Soc. C. E.; and March, 1941, by — Feld, | 


ae Chairman, 1 Dept. of Civ. Eng., Prof., ‘Structural Eng., Coll. of Eng., New York Univ., a York, | 
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_ STADTFELD ON CONCRETE AND REINFORCED CONCRET 


T. Sraprrezp,* M. Am. Soc. E. (by letter).5°*—The “history” of. 
the materials used in ‘concrete that was included i in the specifications i is e oll 
tremely important in appraising the Joint Report. - - The writer will confine his 
remarks to portland cement, although there i is much that ¢ could be said lent 
the history of the aggregates. The New York City Board of Water Supply 
(BWS), under its Specifications, inspected, tested, and shipped more 
3,000,000 bbl of cement since 1937 with the result that there are in existence 
thousands of kiln temperature charts and kiln rotation charts. On these 
records, again anc and again, occurs the notation, “Clinker | discarded; : not to be 
used for B.W .S. cement”; and each such notation may represent one hour of. 
burning, ten hours of burning, or even two days of burning! — ‘For BWS work 
- improperly burned clinker is rejected; but as a cement plant never discar ds. 
any clinker (being supposedly 100% efficient) one may wonder who buys the 
cement made from clinker rejected by BWS. It is the individuals, -munici- 
_ palities, state and federal agencies, because they ask no questions about the 
: “history of portland cement! _ They simply accept cement on the basis of a few 
laboratory tests that are in themselves no indication of durability. 
es 
Engineers worry considerably ‘about the grading of the a aggregates, the 
‘proper r water-cement r ratio, and strength to be obtained; and after Inboratory 
tests and computations, they give the result the “high- falutin’” name of 
“concrete-mix design.” Then they make changes in the field to obtain a good. 
looking and workable concrete. By setting a cement factor, not cut down to 
the last thimbleful, but generous in the allowance for field difficulties, and by 
‘proportioning properly graded aggregates to workability, the | resultant: 
- mix is certain to be satisfactory in every respect. = - But all this is in vain, if no. 
history of the materials i is available, and especially that of the portland | cement. 
‘Tt can no longer be denied that concrete structures are going to pieces— 


_ for various reasons. True, many are standing up well; but m many are not, as. 
testified by the recent trouble in California and | by Parker’ Dam 


where the superstructure i is cracking due to. expansion. 
y — In the California investigation it was found that the me yn occurred 
po where a certain aggregate had been used—and only in | those cases where 
this aggregate had been used with cements high in alkalis. — Inc other words, 


b. was determined that portland cer cement low i in alkalis (the alkalis being the 


= 


q 
a 


oxides or hydroxides of so ‘sodium and - potassium) would stand up with this 
. aggregate; but th that concrete made with: that aggregate and cement high in 
alkalis would go to pieces. This is a new development and of _ im- 


The late ‘Thaddeus M Merriman, M Am. ‘Soe. C. E., former 
and ‘consulting engineer of the. Board of W ater ‘Supply, was an investigator or of 
_ portland cement for many years. - It was Mr. Merriman who wrote the present 
_BWS Specifications. He ‘maintained that hundreds of thousands of dollars” 
spent | on the inv estigation of portland cement—all done on samples sent 
f = 89 Div. Engr., Board of Water Supply, New York, N. Y. 7 eine 
5% Received by the Secretary March 14, 1941. 
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‘known n about the dl of the diinien and cement represented by the samples. 7 
ss the engineer knows the clinker was made at the ‘proper: tom 


) 3 the clinker was properly handled, and not left out in the rain for more than a 
year (as the writer has seen it); dens he knows how the flue dust was disposed 
_ of—whether it was discarded as it should have been in nearly all cases, or fed — 
_ back to the raw mix, or even added to the finished product—unless he knows 
_ these facts about the cement he is buying or specifying, he knows very little 
| about its essentials . 7 he writer would like to have others enjoy the phe- 
‘nomenon of “no laitance” in concrete placed under the most difficult of circum- 
stances. T he fact should be brought to the attention of the engineering world 
that the history of a product is. is of the utmost importance, OS 
CA. ELus, Am. Soc. C. E. (by letter). | comparing the old speci- 
fieation for the permissible load on a column®™ with the new (see Section 851 _ 
- through ‘Section 862), consider a column of, say, 13-in. diameter and a 10-in. 
core. Let the steel ratio be about 4%. The permissible load under the new - 
"specifications i is found to be approximately twice the load formerly permitted. 
Not only is it stated as acceptable practice to include the 1.5 in. outside the co core, 
but also to disregard the ratio n. It will take designers some time to become 
accustomed to that. Ina it will become orthodox pr practice, accepted 
too casually, until some great disaster occurs in a concrete building to give the 
profession another jolt, and cause for further research. 


R. H. M. Am. Soc. C. E. (by letter).— —It is that. 
the Committee describe, briefly, its attitude on allowable stresses in combined 
bending and direct ‘stress, stating whether or "not there was any rational basis: 
for the formula in Section 861. ‘The writer understands’ that this formula 
supplies merely a smooth | th transition fre from one eae value to another. 
‘Houuster, M. Am. Soc. C. E . (by letter). The division on 
two-way slabs 809° through is presented in its present form 
for the first time. Its purpose is to reduce to convenient coefficient-table | 
form a member that is very difficult to design by the usual analytical processes. 
_ The basis of the coefficients in Table 5 (Section 812) is simply a combination | 
of of analytical results of a wide variety of pertinent cases and test data, based 


on theories by Dean WwW estergaard? i in 1926. 


negative 
Received by the Secretary March 14, 1941. 
_, © Proceedings, Am. Soc. C. E., October, 1924, Section G, p. 1203. be 
8 Prof., Civ. Eng., Univ. of Michigan, Ann Arbor, Mich. : 
_ ®a Received by the Secretary March 14, 1941. 
“Dean, College of Eng., Cornell Univ., Ithaca, N. Y. 7 
_ “@ Received by the Secretary March 17, 1941. ee 


ar **‘Formulas for the Design of Rectangular Floor eke and Si Supporting Girders,” 


by H. M. 
Proceedings, American Concrete Institute, 1926, P. 26. 
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5 - moments for these two strips are then read from Table 5. _— are given 
for long-span to short-span directions over a considerable range. Suggestions | a 


are "presented for balancing the coefficient across a support if two adjacent — 


values do not seem in harmony. 


a One feature that is brought ad the attention of the designer i is s the r rein- 


=~ 


masonry ‘supports or r rigid such as walls. ‘confirms the 
a com treatment, which indicates that bending moments actually exist in 


such corners, and that, if suitable reinforcement is not provided, cracks will 


certainly appear. 
The Report presents rules for determining the bending 1 moments and shears 
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for com apleting the remainder of the design. 


7 ‘Tuomas K . A. Henpricx,®® Assoc. M. Am. C. E. (by letter). s50_In the 

- ever- “recurring crossword puzzle | on the quality of conerete, the Report of of a 
= Committee this year—as in the } past—has failed to include the modest — | 


seven-letter word, h-i-s-t-o-r-y. The history of what? The answer is the 

history of the manufacture of the cement. — ‘There i is no o one who would maintain 

that the quality of the cementitious maitualade has little effect on the quality 


of the concrete, for the cement and water form the glue that makes the entire 


~The > quality of the cement , moreover, is interlocked with the history of ‘the 4 


cement. . For instance, it is known that the s speed of rotation of the rotary 
kiln, and the temperature gradient through which the ingredients of the 
cement pass, have a definite effect on the degree « of burning. of the clinker 
{a from which the cement is gr ound. — Also, it is k known that the use of of water in 
cooling and grinding the clinker - may have a deleterious effect on the later 
products: hydration. Furthermore, the manner of storing the clinker 
“subsequent to its calcination has a functional relationship to the manner in 
which the resulting cement behaves later. 
ae _ By carefully the engineer should be able to 


_ speed of rotation of the kiln 


of kiln sotation and the causes for during the manu- 


facture of the coment. From the actual also, _the engineer 


ry 


that should be available to the engineer at all times as an active historical 


storage the been kept are pertinent items of information 


record in the cement manufacture. 


a _ Many engineers do not agree with each 1 other on the merits of various tests, 


~ such as the > sodium sulphate test which the Committee has ‘suggested (Section 
_ 209) for the accelerated soundness tests of | aggregates, nor do they see eye to 


eye with each other on on the sugar solubility test (not suggested by ‘the oe | 


Asst. Engr. Designer, Board of Water Supply, 1 New York, 
6¢ Received by the Secretary March 17, 1941. <s 
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4 mittee); but it is s safe to say that they ey do concur in the opinion that the engineer _ 
should be responsible for the quality of the concrete. 

_F. R. MeMillan, M. Am. Soe. C. E., has stated that the quality of the 
concrete is squarely up to the engineer. Of the ingredients required for 
co oncrete—namely, coarse aggregate, fine aggregate, water, and cement—the 


cement is the one that : may be fickle ‘not only during its period but 
also during its | later life. | 


be at a loss in for its behavior. “Important as s the. 

_ water-cement ratio is, important a: as physical an and chemical tests are, these data 
by. themselves, without the history of the cement manufacture, are insufficient 
for a correct diagnosis. . Such phenomena, for example, as “laitance”’ cannot 


4 


be explained without the history of the manufacture of the cement. — Given a 
J pes a good birth certificate (accurately filled out and documented), 
i - together with a record of a healthy childhood and adult: life period, then, , with 
he | - equal ¢ care on such matters of the other ingredients, one can confidently expect. 
a a healthy concrete, which the engineer wants to give his client ae _— 4. 

The statement “the quality of the concrete is squarely up to the engineer” 
“implies that the « engineer knows the complete history of the coarse aggregate, 

the fine aggregate, the water, and the cement; and by complete history is 

7 ‘meant all the pertinent facts which an engineer, in the exercise of diligence, — 

q ‘care, and intelligence i in the discharge of his sempondiliition, woubl reasonably 
deem to be relevant, competent, ‘material, and satisfactory. _ Therefore, i in 


‘in the future will do well to include, in an appropriate manner, something « on 
_ the history of the manufacture of the cement. a 
Morris: Berman,” Assoc. M. Am. Soc. C. E. (by letter). Where ¢ con- 
slabs or beams frame into walls, should cover not 


walls through inability to whe ‘moment. ‘This tendency to crack i is 
to be found mainly on the upper stories, where the weight of the w all and other _ 
loads are insufficient to. counter balance the tension in the wall due to slab end SS 
‘moment. a Cc racking has been particularly noticeable a at corners of building 7 
alls on the upper stories. — Near a wall corner the flexibility of of a wall, con- 
sidered as a vertical beam, is reduced by | the restraint of the cross wall, resulting - 
in an increased moment approaching a fixed-end condition. © _ Elwyn E. Seelye, — 
M. Am. Soc. C. E., , provided special beams and columns on | upper stories | forthe _ 
Queensbridge housing p project in New York City, partly to resist slab end ‘mo- 
“ments, but mainly to resist thrust against walls due to temperature. | ‘If ends of 
slabs framing into walls a are inadequately reinforced for negative moment, they 
may crack at the ends; ; conversely, if such. negative reinforcement is introduced, ; 
- the wall into which ‘the slab frames may crack, so that the designer seems to be _ 
“between the devil and the deep blue sea” in The introduction ¢ of 


New York, N. 
* Received by the March 17, 1941. 
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ory” slab moments as 
ae or the provision of clear space over tops of slabs where they frame 


ce 


into walls’ by a a special detail so as to permit end deflection and thus eliminate 

end moment altogether, , are two of the possible solutions of the problem. _ 

_— Referring to Section 805 of the recommendations pertaining to bending 

moments in frames, ‘it should be noted that, ordinarily, such moments, when 

computed analytically, are obtained by methods which, although generally x 


acceptable, are approximate in a degree. _ Thus, each story is considered 2 as a 


to a small to adjoining s stories across column points of inflection. 
the the effects o of moving lo: loads and the distribution of moments through torsion are 


_ are computed only approximately, ‘particularly for irregularly shaped multi- § , 
storied structures. Sealed structural models may be used to measure these 
shears, and reactions precisely (provi ided the models reproduce the 


methods already established. In moments and yr due to wind 


7 Fc structure in essential detail) so as to allow for transmission of moments th 
between stories, ‘moving loads, and other factors. _ Thus, if it is desired to deter- = 
mine the maximum ‘unit stress in a column subjected | to both direct load and le 
bending due to ) moving loads on various floors, an influence line for reaction and om 


bending i in the column at any girder connection may be determined by mea-— ms 
surements at such on a model. Each flange of column should be 


“several ‘devices for such purposes. 
FR. McMitian,” M. Am. Soc. C. E. (by letter) An ideal specification st 

for concrete would be one in which only the requirements of the final product § 

were stated. Such a specification, however, is impossible, due to the lack of . 
‘pr ecise definition of the qualities desired and the absence of adequate methods ta 


of test for | completed concrete structures. Ss. Furthermore, there are so many 
factors contributing to the quality of concrete in the completed structure, ‘ 


ey the important factor of workmanship (that i is, the human « element), ‘i 
that no engineer ° would have the courage to » omit all all reference to the various § 
steps necessary in ‘the p production of concrete. 
_ The present state of the art is such, therefore, that concrete specifications, J 


mentioned, and the opposite extreme, in which every item is covered in 1 minute 
In the sections of the Joint Committee Report concerned with proportioning, — 
two such compromises are offered—each representing an approach to one of the 

In Alternate A (Sections 301- SA ‘to 309- SA), 


like those for some other materials, represent compromises between the ideal th 


outside limits are specified—maximum water- cement ratio, minimum strength, 
nd minimum _ slump, maximum size of aggregate, and the rat all 


ae 87 Director of Research, Portland Cement Assn., Chicago, ll. 7 
67a Received by the Secretary March 17,1941. 
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general requirement that the concrete shall be plastic and workable. WwW ithin 


these limits, the « contractor has ‘considerable choice as to materials and mixtures 
This specification puts the responsibility for the quality of the 
squarely up to the contractor. In return, how ever, it gives him a maximum of 
opportunity to utilize res special skill and experience a the selection of materials 


April, (1941 


‘Tests during the pr progress of the work to insure tees with the strength 
requirement are made by the engineer at the expense of his client. — These are 
based on standard laboratory procedure and laboratory control and curing in 
order al eliminate variations _— might be introduced by variations in field 


ering. 
In Alternate B (Sections 301-SB to 310-S), fixed proportions are | 
in the following terms: A definite quantity of cement per cubic yard of concrete, : 


maximum water per sack of cement, paw maximum size of Ge aggregate, range — 


this specification, the quality of the concrete is squarely up to the engineer. 7 

* _ Presumably on important work, the | engineer will inform himself as to 

local materials, ‘80 that he can fix the proportions to give the quality desired, 

and at the same time insure to his clients the maximum possibilities as to : 

economy in the available materials. It is for work of this character (largely 

controlled work, _where the engineer has the for these that 


Table B, are not a 2 part of the or shag they a are to be considered p purely as 
information. If the strengths indicated are not , achieved, it is the responsi- 
bility o of the ‘engineer to make such | changes : as he wants to secure the desired 
te If this type of is wed for work that justify elaborate 
tests i in advance, the engineer would use arbitrary quantities in setting up his 
table of proportions. _ The Report of the Committee e gives tables (Tables 3 and 4) 


which appropriate values could be selected. 


judiciously applied, it is believed that they ‘will eee pr ove esafe. 
_ Obviously, blanket recommendations of this kind must be | conservative, 
and therefore they cannot be depended “upon to yield the maximum economy. 7 
In n both these alternate specifications, the principal emphasis is based upon | 

the matter of workability. Deficiencies, both of over-set and too-dry mixes, — 

are recognized and guarded against. . In the sections of the Report covering — 

Teady -mixed concrete, care was taken to work them out to meet the special - i 
conditions encountered in this field. ew curing requirements leave something 

to be desired, indicating certain reluctance on the part of the Committee to give 7 
full approval. to . some of » the methods that are now ow commonly | used. The 
Committee > definitely leans toward an all-water curing, = 
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. and curing are to be separately enforced. What happens in the field in the ous 


nature of unfavorable temperatures, severe ‘drying conditions, ete., should 
be: confused with the selection of materials or the proportions to be weed. 7 The 
provisions are drawn with that in pmind, 
- To accompany this Alternate A in which oo en strength is the principal 
factor, there are clauses intended to cover cases” in which the strength fails | 


to meet the specified vs values. be hese represent almost tl the only remedies that 


a MEYER M. Am. Soc. C. E. (by letter).$ 1940 regula- 
aA tions for flat slabs i in the Joint Committee Report (Section 831 through Section — 


850) follow those of the 1924 Report® ra rather closely, as there have been few 
ar _ tests that would cause a change in analysis of flat slabs subject to uniform loads. 
m= basic formula (Eq. 6) for total bending moment Temains: the | same as in 
1924 70 ® giving 1g effect. to the reduction of 28% due to plate action, with the 
coefficient of 0.09 instead of the theoretical 0.125. 

The latest Report contains a f rank statement that the flat-slab design therein 


ore is based on empirical ‘methods resulting from tests and modified | by 


theoretical analysis. T This Report. differs from the 1924 : Report so somewhat in 
the arrangement of the » material—in the order of the pa paragraphs, or sections. — 
2 There is only a slight difference i in the statement of limitations for the appli- 


of the various panel 


_ ‘The tolerance in in the use of moment eociiiciont i is s somewhat ‘increased i in the 
latest Report (from 3% to 6%). However, the greatest difference between the 
a two reports is found in the provisions for slab thickness. The 1924 Report 
; "vided a rather complicated formula for the dropped panel, or for the slab when 


no dropped panel i is used,” containing ' terms for the | diameter of the column 
” capital, the span an lengths of the e panel in both directions, the ratio of of the b bending» 

moment at the section in 1 question to that of the ne entire bending moment, and 
the width of the band, as well as the unit load. 

hen the recommended proportions for column capital diameter and Ww idth 

of band were applied to the ratio recommended for negative moment in the 
column strips, this expression resulted in a simple formula for the thickness of 


a ti in terms of the span length and square root of the intensity of the uniform 


Joad. ‘This had been arrived at by equating the ratio of the aforementioned 
negative bending moment (for column s strip) to the ‘resisting 
girc 
Conerete Engr., D. L. & W.R.R.,Hoboken,N.J. 
686 Received by the Secretary March 17, 1941. Teqi 
a 69 Proceedings, Am. Soc. C. E., October, 1924, p. 1198. ~— 


Loc. cit., Eq. 36, p. 1198. 

Loe. cit., Eq. 37, p. 1200. 
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; “used, based on unit stresses of 800 Ib per sq in. (2,000-lb concrete) in ‘compression n- 
and 18,000 Ib per sq in. in tension for the reinforcement, which combination of 


stresses. results in a resisting moment of 138 b 


_ Instead of following the foregoing procedure, the 1940 Report permits the : 
designer ‘to select a strength of concrete determined upon by him and the 


ecw pi pr oper ratio of bending n moment in Table 6, he obtains a “depth of 
slab to resist it. However, a modification required in the present specification — 
|= based on the ccnabienalinn that the distribution of extreme fiber stresses 


across the wide band is not uniform, particularly for the compression | side, — 
resulting i ina higher stress at the center of the band and curving any toa 


be applied to the depth found theoretically, resulting i ina 20%, greater thieknes ess 4 
than that found mathematically (Eq. 7). 
oe In addition to this change, limiting (minimum) values are set for roof oa 


e 
" floor slabs both in absolute dimensions and in the » proportions of span or panel 
7 lengths for 2,500-Ib concrete, together with provision for the modification for — 


“other of concrete in proportion to their cube roots. 
Ih both regulations, attention is called to the necessity of ee a 


— Neither the old nor the new Report prov ides for he condition a 
concentrations heey as occur in railroad or ay bridges « or 7 


>= 
"were conditions requiring specific analysis. 

Concentrations of the character of locomotive loading are, of necessity, 
- not subject to ‘distribution among t the panels of flat-slab construction in a 
manner similar to ordinary uniform loads (or individual concentrations) to 
produce maximum positive and maximum negative moments for continuous | 
‘structures. Such conditions of loading involve unloaded panels that cannot 


'O- obtain in the case of a locomotive, tender, and trainload. A design for this type | 
en of loading involves conditions of locomotive and tender with, and without, train | 
nn attached for the various positions, so so located as to result in maximum . moments 
ng at the sections required. Even when such resulting 1 moments are resolved into 
nd ame valent uniform loads, these loads may not be arranged sc so as to result in 


ices spans. ns. W aad the panels with their columns are treated as a f rames, 
the various conditions of loading | would still 


a framing into in interior panels: ‘of fat flat- slab design for ‘special 
Toads. At times there are concentrated loads on a flat-slab structure that 
require a greater depth of member for transmitting the load to the column than 


__®See Engineering News-Record, March 29, 1923, May 17, 1928, March 27, 1930, December 8, 1932, 
and September 21, 1933; also‘ ‘Design of Girderless F lat Slab Structures for Railroad Locomotive Loadings,” 


Manual, A. R. E. 1937, pp. 8- 
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will give. Iti is ‘then necessary to insert beam and t transfer the load 


of the beam to ‘girders, which i in turn transfer it to the columns. | - he Com- 

mittee thought ; it advisable, in cases of that character, to frame the complete 

- panel by girders to make more certain of the transfer in stress and moment in 

that particular panel, to ™ columns, rai rather than to permit them to be trans- 
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